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Abstract

Abstract

The demand for a sustainable society and the increase in global warming are
driving us to develop sustainable and clean energy sources to reduce and
further replace our dependence on traditional fossil fuels. Biomass is currently
the only sustainable resource for the production of sustainable organic carbon
and biofuels. Sorbitol has been recognized as one of the 12 most important
platform chemicals obtainable from biomass, widely applied in food industry,
medical applications, cosmetic industry and miscellaneous use. Sorbitol is
usually produced by glucose hydrogenation in the presence of Ni, Ru, Pt, Co,
or other metal-based catalysts. Ru/Pt catalysts demonstrate dominant
catalytic performance, however, considering the industrial costs, non-noble
metals are always more preferable. Optimizing non-noble catalyst systems to
enhance their properties is also crucial for gaining better understanding on the
nature of non-noble metal formulations.

With this aim in mind, first we designed bare Ni nanoparticles with different
shapes, and analysed their morphologies, crystallinities and compositions.
Amorphous structures and P-doping were found to be critical factors in
enhancing catalytic performance of Ni, which leads to Ni nanosphere catalysts
being a very active catalyst with a reaction barrier of only 22.45 kJ/mol for
glucose hydrogenation. Then, Carbon black (CB) and graphite nanoplatelets
(GNPs) carbons were introduced to prepare supported catalysts and further
make comparisons between supports. By controlling the synthesis
temperatures, Ni nanoparticles with different sizes (7 nm to 24 nm) were
obtained on both supports. Ni catalysts with CB support always show higher
reactivities than with GNPs support when they were prepared in a same
condition. And Ni particles supported by CB with a size average of 17 nm
exhibit the highest catalytic performance compared with catalysts with other
sizes. Furthermore, we introduced Fe into the Ni catalysts to form Fe-Ni alloy
catalysts with CB support, which achieves more than twice the glucose
conversion of a monometallic Ni catalyst. The Fe:Ni ratio 1:1 was identified as
the best compromise to achieve a high catalytic activity as well as high sorbitol
selectivity. Finally, we investigated the morphology, crystallinity and
composition of the catalysts before and after use, and found that sintering,
surface oxidation and leaching were the main causes of deactivation, and we
eventually achieved the mitigation of leaching by changing the catalyst
composition and reaction conditions.
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Chapter 1: Introduction

1. Introduction: theoretical background and objectives of
the thesis

1.1. Biomass

Biomass is plant or animal material used as source to produce electricity, heat,
fuel or chemicals. It includes lignocellulose (wood blocks, chips, sawdust,
branches, etc.), agricultural waste, aquatic plants, oily plants, organic matter,
industrial waste, livestock manure, etc (Figure 1.1). [1, 2] Biomass resources
are extremely rich, and the world’s annual biomass production is about 146
billion tons. [1] The United Nations Conference on Environment and
Development (UNCED) predicts that by 2050 biomass energy utilization will
account for about half of global energy consumption.[1, 3]. And production of
chemicals from biomass also offers a promising opportunity to improve the
overall economics and sustainability of an integrated biorefinery while
reducing dependence on oil. And the annual growth rate of the potential of
bio-based chemicals in EU markets was estimated to be at about 3.6% per
year from 2018 to 2025 in a new Joint Research Centre (JRC) study.[4]

Figure 1.1. The sources of biomass fuels. Copyright from Elsevier B. V.
2016. [1]

1.1.1. Typical biomass
1.1.1.1. Lignocellulosic biomass

Lignocellulosic biomass refers to plant biomass like trees, grass, corn stover,
etc.which are composed of cellulose, hemicellulose and lignin.
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Cellulose accounts for 40 — 50% of the total lignocellulose. It is currently the
most abundant biopolymer material known in nature, and it is also an
important component in the process of biomass conversion and utilization.[5]
Cellulose is consisting of a linear chain of several hundred to many thousands
of B D glucose units linked by 1, 4-B glycosidic bonds, with a highly ordered
crystalline structure and intramolecular hydrogen bonds. Therefore, cellulose
is insoluble and difficult to be degraded. The platform molecule of cellulose
hydrolysate glucose allows converting cellulose into many other high value-
added downstream products.

Hemicellulose accounts for 25-35% of lignocellulose, of which polyxylose is
the most abundant. Unlike cellulose, which only contains a single component
of glucose, hemicellulose is formed by the polymerization of multiple sugars,
including xylose, arabinose, mannose, glucose, galactose, and other sugar
acids.[6]

Lignin accounts for 18-25% of the total lignocellulose. It is mainly composed
of phenylpropyl units and contains carboxyl, hydroxyl and other functional
groups also polymerized in complex networks.[7] Lignin contains rich aromatic
compounds. However, the complex and uncertain composition of lignin limits
its efficient use.

1.1.1.2. Oil and algae

Animal fats and vegetable oil are also important raw materials in industrial
production. Oleochemicals mainly contain about 52% oleic acid, 11% methyl
esters, 9% amines, and 25% alcohols.[8] The transformation of animal and
vegetable oils can give surfactants, lubricants, coatings, etc.

Algal biomass is a type of eukaryotic organisms in the Protist Kingdom,
including macroalgae and microalgae. Microalgae usually contains oils with
carbon chain length of C14~ C26 and a certain content of free fatty acids (20%
- 50%).[9]

1.1.2. Biomass conversion

Most of the biomass energy needs to go through a transformation process
before use, except for the anaerobic treatment of human and animal manure
and the direct extraction of oil and sugar-containing crops. Due to the
differences in physical and chemical aspects of biomass resources, the
conversion methods mainly include physics, chemistry and biology
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technologies, through which the renewable biomass energy are converted into
heat, electricity, clean high value-added gas or liquid products. (Scheme 1.1)

— | Physical technology '—‘ Solid molded fuel

—| Hydrolysis Ethanol
_| Biotransformation ]—[ Enzymatic synthesis
_[ Phote ]I Hydrogen
a
g ._| T ification I Biodiesel
o
3 S YTy
:
_ High pressure steam
(Do |
- [omenon ] 3 , [evaret |
| |1
— | Chemical technology [ — LT
e ]
I Chemical product
—|Thermo4;hemical com.rer!sianl- | Liguidation |I Hydrogen
o] [ vethanot ]
Dimethyl ether
Ethanol
P

Scheme 1.1 Biomass energy conversion technology and products.

1.1.2.1. Physical and biological conversion technology

Physical conversion is essentially a process of mechanical pressing of crops
with high oil content to produce oil and protein panels. The obtained oil, a
mixture of methyl esters of fatty acids, can be used directly as fuel for diesel
engines (modified) or chemically treated to make diesel fuel (biodiesel).

Biotransformation is the technology that uses microbial fermentation to
convert biomass into fuel products like alcohol, acid, H2 etc. Hydrolysis,
anaerobic fermentation and hydrogen production are three main technologies
used in this process. Ethanol is the main product from the fermentation of the
hydrolysis materials obtained from sugar solution, starch, lignocellulose, etc.
Anaerobic fermentation refers to the decomposition of biomass with bacteria
in the absence of oxygen, producing organic acids, alcohols, Hz, CO2, CHa,
etc. Hydrogen production by photosynthetic microorganisms (bacteria) is
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mainly used with algae, which decomposes substrates through
photosynthesis to produce hydrogen.

1.1.2.2. Chemical conversion technology

High valued-added charcoal, tar and combustible gas can be produced
through biomass chemical conversion technology. This technology can be
roughly divided into: direct combustion to produce heat and electricity,
thermochemical conversion to produce outputs of heat, or gaseous or liquid
precursors for upgrading to liquid fuels or chemical feedstocks.
Thermochemical conversion covers a range of technologies including
gasification, liquidation and pyrolyzation, and catalysts are widely applied in
this technology.

In this chemical conversion technology, comprehensive research has been
carried out worldwide in the last decades to study the efficient conversion of
biomass resources into valuable biofuels and high value-added products with
the presence of catalysts. Among those investigations, one attractive route is
the preparation and utilization of sorbitol, which has been recognized as one
of the 12 important platform chemicals obtainable from biomass.[10] Sorbitol
is usually produced by glucose hydrogenation in the presence of Ni, Ru, Pt,
Co or other metal-based catalysts.[11-13]

1.1.3. Glucose and Sorbitol
1.1.3.1. Glucose and its transformation

Glucose is a polyhydroxy aldehyde with molecular formula CeH120s, (Figure
1.2). D-glucose is one of the sixteen aldohexose stereoisomers. The D-
isomers are widespread in nature, while L-isomers are rare and less important.
D-glucose is one of the most significant monosaccharides in nature. Pure
glucose is colourless and crystalline, easily soluble in water, slightly soluble in
ethanol, and insoluble in ether. The natural glucose aqueous solution rotates
polarized light to the right. The glucose molecule can exist in an open-chain
(acyclic) as well as ring (cyclic) form. It is usually present as a closed pyran
ring in the solid form and as a monohydrate. In aqueous solution, less than
0.02% of glucose molecules are open-chain and the furanose forms exist in
negligible amounts, while a- or B-pyranose forms are predominant. Three
known forms of glucose can be crystallized from aqueous solutions: a -
glucopyranose, 3-glucopyranose and (-glucopyranose hydrate.[14]
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H HO
\\\\\\OH
e
HO\ HO CH,OH
o
OH OH OH
0 a-D-glucofuranose B-D-glucofuranose
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a-D-glucopyranose B-D-glucopyranose

Figure 1.2. The structure of glucose.

Since glucose has five hydroxyl groups and one aldehyde group or pyranose
ring, it can undergo isomerization, dehydration, hydrogenation, oxidation and
other reactions (Scheme 1.2). Glucose isomerization produces fructose
through proton transfer (base catalysis) or intermediate hydrogen species
transfer (acid catalysis).[15] This isomerization reaction is also called Lobry
de Bruyn—Alberda—Van Ekenstein transformation.[16] Glucose undergoes
dehydration under acidic conditions to produce 5-hydroxymethyl furfural
(HMF). HMF is an important intermediate, which can be used to prepare

HO OH OH O
O, B
HO .nl\l\ HOMOH

HO\\\\‘ OH OH OH
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2 S
Fructose 0’7‘5 ~t>'5’\\
% 0%
%
OH OH
o OH OH
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o) OH OH H H OH
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)‘\/YOH Sis
o) OH OH
Levulinic acid HO\)\/OH HO
OH \/\OH

Propylene glycol Glycerol Ethylene glycol

Scheme 1.2. A reaction scheme for glucose transformation into products.
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furandial, furandicarboxylic acid, furandiol, levulinic acid, etc.[17] Glucose can
be oxidized by bromine or by Oz in presence of Pd, Au, Pt catalysts to produce
gluconic acid or diacids, which are mainly used as a protein coagulant, food
preservative and food acidity regulator.[18-22] Glucose can be hydrogenated
by Raney Ni, Ru/C, Pt catalysts to produce sorbitol.[12, 23]. Glucose
hydrogenolysis reaction can be used to produce glycerol, propylene glycol,
and ethylene glycol.[24, 25]

1.1.3.2. Sorbitol

Sorbitol, with a molecular formula CsH140s, is the main photosynthesis product
of Rosaceae plants and is mainly produced industrially by hydrogenation of
glucose. Sorbitol is a white hygroscopic powder or appears as a crystalline
powder, flakes or granules, easily soluble in water, slightly soluble in ethanol
and acetic acid. Sorbitol has a cool and sweet taste, is commonly used as
food sweetener, as well as for improving food moisture retention. It is the raw
material of choice for the production of vitamin C and surfactants. It can also
be used to synthesize resin plastics, separate and analyse low boiling point
oxygen-containing compounds, etc.

Chemical technology provides the possibility to convert biomass into usable
high value-added products and biofuels, and catalysts play a crucial role in
this process. Therefore, the continuous design of state-in-art and more
effective catalysts to accelerate biomass conversion production can not only
meet material and fuel needs, but also is the key to the green and sustainable
development. We will introduce the broad concept of catalysis in the next
section.

1.2. Catalysis

The term catalysis, first proposed in 1835 by Swedish scientist Jons Jakob
Berzelius comes from the Greek words kata meaning down and lyein meaning
loosen. In 1901, the German physical chemist W. Ostwald articulated the
definition of catalyst, that is, “a catalyst is a substance that accelerates the
rate of a chemical reaction without being a part of either the reactants or the
products”.

This reaction acceleration can be explained by Figure 1.3 [26] The non-

catalytic and catalytic reaction processes are both shown in an energy
diagram. The product P only can be obtained when substrate A and B collide
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with sufficient energy to overcome the activation barrier. In a catalytic system,
the reactants absorb onto the surface of the catalyst, activate, and then the
product P desorbs, while in a non-catalytic system, A and B directly react with
each other without any assistance. Therefore, the activation energy in a non-
catalytic system (Eaz) is obviously much higher than it is in a catalytic system
(Eaz), but the overall change in free energy (AG) in each system is the same.
Hence, the catalyst does not affect the equilibrium constant of the reaction,
only its speed.

A

Potential energy

0+:—0

Reaction coordinate

Figure 1.3. Potential energy diagram of a heterogeneous catalysed reaction,
with gaseous reactants and product and a solid catalyst.

1.2.1. Homogeneous catalysts, enzymes, and heterogeneous catalysts

The chemical industry cannot exist without catalysts. Approximately, 85-90%
of industrial processes use catalysts, for the production of bulk chemicals,
biochemicals, fuels, plastics, pharmaceutical ingredients etc. Homogeneous
catalysis, enzymatic and heterogeneous catalysis are the main three
subdisciplines in catalysis (Figure 1.4).

If the catalyst and the reactants are in the same phase, then the catalyst is a
homogeneous catalyst, which includes liquid acid/base catalysts, soluble
transition metal compounds (salts and complexes), etc. Homogeneous
catalysts act independently as molecules or ions, with uniform active centres,
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high activity and selectivity. The major disadvantages are low stability and
difficulty to separate from the reactants and products.

Figure 1.4. Homogeneous catalyst (left),[27] enzyme (middle),[28]
heterogeneous catalysts (right) [29].

Enzymes are catalysts from nature, which actually are proteins comprising
very often a prosthetic group. Due to the specific structure of the protein, the
enzyme exhibits a particularly active catalytic site. Thus, enzymes are highly
specific and efficient catalysts. Enzymes have been widely used in chemical
and other industries because they can efficiently catalyze specific reactions.
In general, the application of enzymes is limited due to the small number of
reactions they can catalyze, and their instability in organic solvents and high-
temperature environments.

Heterogeneous catalysts are in different phases from the reactants and
products, thus it solves the problem of separation, which is considered as the
most important feature of heterogeneous catalysts, and so is the case for the
reaction of aqueous glucose hydrogenation that we are focusing on in this
thesis. Heterogeneous solid catalysts are currently the most used catalysts in
the chemical and petrochemical industry, including applications in gas phase
and liquid phase transformations. Zeolites, alumina, higher-order oxides,
graphitic carbon, transition metal oxides, metals such as Raney nickel for
hydrogenation, and vanadium oxide for oxidation of sulfur dioxide into sulfur
trioxide are the most important heterogeneous catalysts.[30] We will now
delve more into this fascinating topic.

1.2.2. Modification of catalysts

Heterogeneous catalysts can be divided into bulk catalysts and supported
catalysts. Bulk catalysts comprise mainly active substances, while supported
catalysts are the catalysts that are made by supporting the active components

10
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and promoters on a carrier. This carrier is introduced to potentially reduce the
amount of needed metal and improve the catalytic activity and stability.
Understanding the components of supported catalysts could help to find ways
to modify and optimize its properties.

There are usually two to three main components in the supported catalyst:
active phase, eventual promoter, and carrier. (Figure 1.5)

Figure 1.5. Carrier, promoter and active components of a supported catalyst
(Modified from Britannica).[31]

The active component is the fundamental substance that plays a catalytic role.
For example, in the synthesis of ammonia with Fe / K20 or Al20s, iron metal
is always active, independently from K20 and Al2Os, but the activity is slightly
lower, and the life span is slightly shorter without K:O and Al20s3. On the
contrary, if there is no iron in the catalyst, the catalyst has no activity at all, so
iron is the active component in the ammonia synthesis catalyst.

The promoter is a small amount of substance added to the catalyst, which is
an auxiliary component of the catalyst. It has no activity or low activity.
However, the promoter can change the chemical composition, chemical
structure, ionic valence, acid-base, lattice structure, surface structure, pore
structure, dispersion state, mechanical strength, etc., so as to improve the
activity, selectivity, stability or lifetime of the catalyst. Generally, there exists
an optimal content of promoter to get these improvements.

The physical structure and physical properties of the carrier also have a vital
influence on the properties of the catalyst.
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Thus, based on the structure of supported catalyst, extensive efforts have
been put on particular aspects such as changing supports, manipulating size,
shape, composition of the catalytic active particles to design and optimize
supported catalyst systems. These will now be discussed in more details with
illustrative examples from the literature.

1.2.2.1. Support effect

Dispersing metal species on an appropriate substrate (like carbon, oxides, etc.)
enables to significantly change the electronic structure and geometric
configuration of metal species via the interaction between metal species and
supports. Early empirical research concerning surface characteristics and
associated density functional theory calculations show that, for unsupported
Au, dissociative adsorption of H2 and Oz does not take place at temperatures
lower than 473 K, and so it would not be expected to exhibit catalytic activity
in respect of hydrogenation and oxidation reactions.[32] However, in the late
1970s, alkene and alkyne hydrogenation were achieved by means of an
Au/SiO2 catalyst.[33] So, supported gold catalysts exhibit unique catalytic
performances different from unsupported gold.[34] Further research by
Valden et al. concerned that the supported gold nanoparticles exhibiting
enhanced activity in low-temperature CO oxidation conditions. [35] J.A.
Rodrigueza et al. studied the importance of O vacancies in the activation of
gold using a series of gold/ceria systems for destruction of SOz and water-gas
shift (WGS) reactions. They found the full decomposition of SO2 was only
observed in Au/CeO2 with O vacancies in the ceria support, and Au NPs in
contact with O vacancies of the oxide are the active sites being responsible
for the WGS activity at high temperature.[36, 37]

Charge transfer (CT) effects were found existing in the catalysts of
nanoparticles (NP) supported on metal oxides. Hakkinen et al. demonstrated
that remarkable nanocatalytic properties are due to the charge transfer from
the support to the metal clusters. [38] This effect was examined when Aun
particles grow on a rutile TiO2 (110) surface using gradient density functional
theory (DFT) slab calculations, which demonstrated that the delocalization of
electrons from oxygen vacancies of the TiOz surface change the adsorption
and diffusion of Au adatoms due to the difference of potential energy of the
surfaces (Figure 1.6).[39] Similar calculations were also done by Siris and
Suljo. They suggested that the electronic charge accommodated in the Ti 3d
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states of TiOz is readily transferred to Au, which account for the fact that oxide-
supported Au are promising low-temperature oxidation catalysts.[40]
Indubitably, the electronic structure of Au NPs is affected by this charge
transfer.[41, 42] Sanchez et al. further highlighted the significant role that
electronic effects (charge transfer in metal-support and metal-adsorbate
interactions) play in mediating the structural dynamics of supported metallic
nanoparticles. Particularly, they revealed that adsorption of hydrogen or
oxidation of the Pt particles on y-Al203 support reduces or increases the
cluster-support interaction, while this effect is much weaker when Pt
nanoclusters are supported on a carbon black support.[43]

(a) {b)
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Figure 1.6. Potential energy maps for a single Au on (a) stoichiometric and
(b) reduced TiO2 (110) surfaces. The relative adsorption energies (AEads) in
eV are calculated with respect to the lowest adsorption energy on each (2 x
3) surface cell considered. Bottom-middle is stoichiometric surface and
reduced surface is prepared by removing a bridging O from a given surface.
[39] Copyright from APS physics 2005.

Not only does the chemical composition of the support affect the reactivity of
the catalyst, but also does the crystal structure of the support. Yan et al.
revealed that Au supported by brookite TiOz has a better activity and stability
than an anatase support.[44] Li et al. also found that Pt supported by carbon
nanotubes produced better performance for cathode catalysts in a direct
methanol single cell compared to commercial XC-72 carbon, which may be
attributed to the unique structure and better electric properties of the CNTs.[45]
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Dispersed nanoparticles can be easily agglomerated with each other to
reduce their surface energy, inducing a decrease in catalytic performance. In
most of the cases, solid supports play an essential role in stabilizing the
NPs.[46] Croy et al. observed the difference in catalytic performance and
stability of metallic Pt NPs by studying the decomposition of methanol with
reducible (CeOz2, TiO2) and non-reducible supports (SiOz, ZrOz, Al203). The
smallest Pt particles (~ 8 nm) on ZrO2 were found to be cationic and the most
active for methanol decomposition at low temperature and H: selectivity
compared to other supported Pt NPs (Figure 1.7). Besides, Pt NPs on CeO:
supports underwent a significant coarsening after catalyst pretreatment, while
Pt NPs on ZrOz didn’t.[47]

100

9 ¥ A
£ el A O—— PUCe0,(#2)
S . 8
“:uz 60} PUN203 A m PUTIOz +
g "
s o . -
6 40t m $——PUCeO,(#)
; s 8 F P \
g o meo s . é ¢ i PYSIO
= Py i " s

o 9 } 1 + 1 1 1

130 150 170 190 210 230 250 270 290 310
Temperature (°C)

Figure 1.7. MeOH decomposition over Pt nanoparticles supported on

nanocrystalline oxide powders: Pt/ZrO: (o), Pt/Al203 (A ), P/TiO2 (m),

Pt/CeO2(#1) (#), Pt/CeO2(#2) (0), Pt/SiO2 (+). All samples have been

calcined at 500 °C for 2.5 h before the reaction. [47] Copyright from
Springer Link 2007.

All in all, supports possess several ways of affecting the reactivity of the
overlying NPs: (i) in the way of charge transfer from or to the NPs, (ii) by
changing the structure and shape of the NPs, (iii) by restraining the coarsening
of NPs thus enhancing the stability, (iv) by providing additional reaction sites,
(v) by encapsulating the NPs at high temperatures, (vi) by stabilizing
intermediate reaction species. [42] Thus, support effects are a nonnegligible
factor when considering designing new catalysts and understanding the origin
of the catalytic reactivity of supported NPs.
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1.2.2.2. Size effect

It is well known that metal species with different sizes exhibit different catalytic
behaviours for many types of heterogeneous catalytic reactions. Haruta
Masatake et al. prepared gold catalysts (~5 nm) with one of the oxides of 3d
transition metals of group VIII, namely, Fe203, Co304, NiO by coprecipitation,
which were found to be not only much more active but also much more stable
than the conventional hopcalite catalysts for CO oxidation reaction in 1987.[49]
Ono et al. also revealed an improvement of the catalytic activity with
decreasing particle size of Au NPs supported on TiC for CO oxidation
reaction.[50] Reske et al. observed the particle size effects during catalytic
CO: electroreduction on Cu nanoparticles. 2-15 nm Cu NP catalysts were
prepared to compare their catalytic activity and selectivity. A dramatic increase
in the catalytic activity and selectivity for H2 and CO was observed with
decreasing Cu particle size, especially for NPs below 5 nm. Higher population
of low-coordinated surface sites in smaller particles were linked to their higher
catalytic activity compared to bigger ones.[51] Particle size effect studies on
cobalt NPs performance in Fischer-Tropsch (FT) synthesis found

1
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Figure 1.8. Calculated step density for Au particles on TiO: as a function of

particle size. (o) and (o) correspond to the total and “free” step sites on the

Au particles. “Free” are the step sites not in direct contact with the support.

Insets illustrate the corresponding Wulff constructions for selected particle
sizes. [48] Copyright from Springer Link 2000.
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that lower TOF were obtained when Co particles are below 6 nm, which is due
to both blocking of edge / corner sites and a lower intrinsic activity at the small
terraces.[52] [53] Based on DFT calculations, those high stepped surfaces
were shown to be preferentially chemisorbed with substrates like CO, O and
Oz, as a consequence of enhanced reactivity of the small particles. (Figure
1.8).[48]

DFT calculations showed that the electronic structures change along with the
particle in different size ranges (nanoparticles, cluster, single atom), and
electronic properties of metal particles seriously change when going below 1
nm.(Figure 1.9) [54] These electronic property changes with particle size can
be measured by detecting binding energy shifts by X-ray photoelectron
spectroscopy (XPS).[50]
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Figure 1.9. Electronic structures of Au clusters according to theoretical
calculations. Optimized structure (top) and calculated isosurfaces of the
lowest unoccupied molecular orbital (LUMO, center) and highest occupied
molecular orbital (HOMO, bottom) of Aus, Aus, Aus, Aus, Auz, Auis, and Auss
clusters, together with molecular orbital energy levels in blue. Obtained at
the B3LYP/LANL2DZ level using the Gaussian 09 program. [54] Copyright
from American Chemical Society 2014.

This different electronic structure with different sizes of particles further affects
charge transfers with the support, especially for Pt/CeO: catalyst with the
electronic metal-support interaction (EMSI). Lykhach et al. measured the CT
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as a function of particle size from very small aggregates to particles of 3.6 nm
for Pt particles supported on cerium oxide, a versatile heterogeneous catalyst
with applications in hydrogen production, reforming, environmental catalysis,
and electrocatalysis.[55, 56] As shown in Figure 1.10, electrons transferred to
support per particle increases with the size. The partial charge per Pt atom
shows a linear increase with the size when the particle is below 70 Pt atoms,
but the charge transfer is suppressed for larger particles. Thus, when the
particle size is around 30-70 atoms (particle diameters approximately 1-1.5
nm), this charge per Pt atom shows a maximum, reaching 0.11 £ 0.025
electrons per atom. Those charges will be mainly localized at metal atoms in
the vicinity of the interface for large particles, therefore small clusters
consisting of a few atomic layers are close to the CT maximum. This
CTaltering by adjusting the patrticle size should markedly change the catalytic
properties of the metal particles.
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Figure 1.10. The number of electrons transferred per Pt particle to the ceria
support increases with increasing particle size (green squares). The partial
charge per Pt atom reaches a maximum for particles with 30 to 70 atoms
(yellow circles).[56] Copyright from Springer Nature Limited 2016.

The particle size also has a high influence on the stability of supported metal
species. Campbell et al. have specified the thermal stability of Ag particles as
a function of particle size using adsorption heat of metal atoms onto a metal
particle as an indicator.[57, 58] According to their work, when the patrticle size
is in the range of 1-6 nm, their thermal stability strongly increases with the size,
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and a particle will stay relatively stable towards sintering when it is as large as
6 nm. Haasterecht et al. investigated the nickel particle growth with supported
Ni NPs in the aqueous phase reforming of ethylene glycol. They observed that
initially smaller Ni particles (~12 nm) supported on Al203 outgrew Ni particles
with initially larger particles (~20 nm), which was attributed to the higher
susceptibility to oxidation of the smaller Ni nanoparticles and differences in
initial particle size distribution.[59]

In summary, several causes lead to distinct changes in the catalytic reactivity
of NPs as a function of NP size, just like the support effect discussed in the
previous section. For the smallest NPs, the surface to volume ratio is higher,
generating a larger number of low-coordinated atoms available for interaction
with chemical adsorbates. The electronic properties of metal NPs changing,
distinct effects including CT effects at the vicinity of NP / support interface play
vital roles in chemical reactivity and stability of NPs. Those factors mentioned
above accounting for the size effect could take place in parallel, and the
underlying origin of this effect is still an open question.

1.2.2.3. Shape effect

Since platinum NPs with different shapes were prepared for the first time in
1996,[61] a lot of attention has been drawn into the synthesis of metal
nanoparticles with specific shapes, like tetrahedral,[62] cubic,[63]
nanowire,[64] tetrapods,[65] etc. to explore their reactivity in different
reactions. Metal nanoparticles with different shapes present different
crystallographic faces to the surrounding medium, and crystal faces of NPs
play an essential role in catalytic properties. For example, Xu et al. have found
that the rate of oxidation of styrene over silver nanocubes was more than 14
times higher than that on nanoplates and 4 times higher than that on near-
spherical nanoparticles (Figure 1.11).[60]

Those distinct differences in activities were attributed to the presence of
different crystalline planes on each of these three shapes, with most reactive
(100) facets on the nanocubes, in contrast to the (111) facets present on the
nanoplates, and the mixture of (100) and (111) facets on the nanospheres.
(Figure 1.11a) Komanicky et al. deployed nanofabrication techniques to
generate nearly perfect platinum NPs with controlled particle numbers, shapes,
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Figure 1.11. (a) The structural models of triangular Ag nanoplates (left),
near-spherical (middle), and cubic (right) (b) Specific reaction rate of styrene
conversion over Ag NPs with different shapes. Reaction time: 3 h. [60]
Copyright from John Wiley & Sons 2006.

orientations, and positions and studied the macroscopic catalytic reactivities
related to those morphologies. They observed that the surface area developed
by (100) facets is one of the key factors governing the catalytic performance
of oxygen electrochemical reduction.[66] One reason for the different activity
on different facets is related to surface energies. Pt surface energies of (100),
(111) and (110) faces has been calculated by Iddir et al. using the
Perdew—Burke-Ernzerhof (PBE) functional, the result is shown in Table 1.1.
It is obvious that the surface energies are different on each specific surface of
Pt NPs.[67] A compiled list of experimental and calculated surface energies of
some transition metals was done by Cabeza et al.[68]

Table 1.1 Calculated Pt surface energies with six layers of Pt.[67] Copyright
from American Chemical Society 2007.

Surface energy

Surface eV/atom Jim2 Ratio to (111)
111 0.660 1.535 1.000
110 1.308 1.863 1.982
100 0.915 1.843 1.386
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This difference in the surface energies of different facets in NPs naturally
induces different interactions with adsorbed substrates. For example, Porwal
et al. have studied the binding configurations of phenol on the (111) and (100)
facets using DFT calculations. Two different binding configurations of phenol
on the Pd (111) and (100) facets were found, as shown in Figure 1.12. Based
on those configurations, a binding energy of -102 kJ / mol of phenol on Pd
(111) surface was calculated, while this binding energy of the absorbed state
of phenol on Pd (100) was -135 kJ / mol, which consequently affects the
activation barriers involved in cyclohexanone hydrogenation on those two Pd
facets.[69] Hydrogen adsorption on different facets of seventeen transition
metals were also calculated using self-consistent DFT-GGA (PW91) by Ferrin
et al. on the (100) and (111) facets of face-centered cubic (fcc) metals. On
every facet studied, the existence of subsurface hydrogen is not expected,
due to the relative instability of subsurface hydrogen with respect to surface
hydrogen. The exothermic occupation of subsurface hydrogen occurs in few
metals (Pd, Ta, V), but occupation of the surface is energetically favoured.[70]

Figure 1.12 Adsorbed states of phenol on (a) Pd (111) and (b) Pd (100)
surfaces at coverage (8) = 0.25 MegaLangmuir.[69] Copyright from
American Chemical Society 2019.

Those variation in surface energies and adsorption energies of molecules on
different facets of metal NPs result in the shape effect on catalytic activity. A
single-crystal of unusual tetrahexahedral shape of platinum nanocrystals was
prepared by Tian et al, which is enclosed by 24 high-index facets such as
(730), (210), and or (520) surfaces possessing a high density of atomic steps
and dangling bonds. The electro-oxidation of small organic fuels such as
formic acid and ethanol was largely enhanced by those high-energy surfaces
as compared to equivalent Pt surface areas of NPs with different shapes.[71]
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Octahedral Pd NPs with both (111) and (100) facets and tetrahedral Pd NPs
with mainly (111) facets with a high amount of corners, edges and faces were
very active in acetylene hydrogenation, thus they displayed the highest TOF
compared to spherical Pd NPs with a mixture of different Pd facets.[72] DFT
calculations showed that the barrier for ethylene hydrogenation was lower
over Pd (100) surface than over Pd (111) surface, indicating that the latter is
more selective towards ethylene.[73, 74]

Thus, different shapes of NPs also have an influence on the product selectivity.
Jewell et al. found that the selectivity to ethylene in acetylene
semihydrogenation with spherical Pd NPs supported by carbon decreased
with increasing hydrogen pressure, while for large octahedral Pd particles
comprising mainly Pd (111) only a minor drop in selectivity with pressure
increase was observed. As well established, Pd can form a and B phases
(Pd4Hs) of Pd-H hydride at H / Pd ratio of 0.03 and 0.6, respectively.[75]
Ethene prefers to absorb on the Pd4Hs (100) surface than (111) facets on
spherical Pd NPs, but there is a phase change occurring on PdsH3z phase at
0.1 bar of hydrogen pressure, so octahedral Pd NPs with mainly (111) facets
has a higher selectivity than spherical Pd NPs with different facets.[73]
However, for the selective hydrogenation of acetylene over Pd / Al2O3 catalyst,
Kim et al. observed a lower acetylene conversion and ethylene selectivity over
spherical NPs with a significant amount of (111) facets than cubic Pd NPs with
(100) facets. The easier decomposition of subsurface H in Pd (100)
contributed to its higher activity , and stronger adsorption of reactants on Pd
(111) decreased ethylene selectivity.[76] Shape selective hydrogenation of
ethylenic double bonds has also been demonstrated in furan,[77] phenol,[69]
cyclohexene,[78] 1-hexene, [78] trans-stilbene[79] and buta-1,3-diene[80]
hydrogenation. Besides, selective hydrogenation of a carbonyl bond
especially for those compounds with high electron density in the carbonyl
group was also highly affected by the NPs shapes.[81-87]

The above examples illustrate the need for having a thorough knowledge of
the most stable NPs shapes to have a better understanding of the reactivity of
catalysts and being able to optimize it effectively.
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1.2.2.4. Composition effect

Since the Bronze Age, humans have discovered that simply mixing two metals
to form an alloy would result in a hybrid material, which is stronger than each
one of the separated metals involved.[88] It has been more than 4000 years
since this discovery, and now we still manufacture multimetallic materials in

this similar way to improve the mechanical properties for bulk metals. Apart
from that, multimetallic materials also present distinct chemical properties. A
well-known example is the creation of stainless steel. It is formed by simply
alloying iron with small amounts of Cr and C to protect the bulk from oxidation,
unlike pure iron, which is prone to rust when placed in an environment
containing water, oxygen and/or salt. Thus, upgrading the simplest
monometallic nanocrystals to bimetallic or more complex compositions would
greatly enhance their properties, usually better than monometallic
counterparts. For example, Ba-promoted Ru catalysts (made of two-
dimensional barium-oxygen overlayer on Ru crystals) have been identified as
the most active catalysts for ammonia synthesis.[89] Besides, economical
aspects (when alloying with a cheaper metal) and long-term stability (because
multimetallic systems are usually less easily deactivated) are also factors that
have driven rapid development of multimetallic catalytic systems.

Several reasons have been put forward accounting for the enhanced catalytic
performance of multimetallic systems. One is that changes of electronic
structure of metal surfaces by charge-transfer phenomena between different
metals in a multimetallic system induce changes in adsorption energy of
adsorbates, and that affects activation barriers for specific chemical reactions.
For example, Carlsson et al. found that the binding energy of CO to both Pd
and Co sites in Co-Pd alloys is lower in the presence of the other metal. XPS
study showed a larger shift of binding energy in the Pd 3d level and a lower
binding energy shift in the Co 2p level, which suggests a redistribution of d-
band states in the bimetallic systems, or a net polarization induced by the alloy.
Interestingly, Co-atop sites are better preserved at bimetallic compositions,
which is the favourable adsorption site for CO.[90] Liu et al used DFT
calculations to analyse the adsorption of CO on Pd (111) and several Au/Pd
(111) surfaces. They found CO was more favourably absorbed on the Pd
adsorption sites surrounded by Au atoms, and there are ensemble effects and
ligand effects emerging in the alloy. The former being a geometrical argument
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regarding the surface structure while the latter is connected to electronic
effects. Regarding the ensemble effect, Au weakens the interaction between
CO and Au/Pd (111) surface when Au is at the adsorption site (Figure 1.13).
For the ligand effect, Au changes the electronic structure of the surface metal
atom by shifting of the d band centre away from the Fermi level, which results
in a weaker interaction between the adsorbates and the metals. For
adsorption on alloy surface, the predominant effect is the ensemble effect.[91]
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Figure 1.13. Separation of the ligand and ensemble effects from the total
effect in the case of CO adsorption on hollow sites of Au / Pd (111) bimetallic
surfaces. The number along the horizontal axis corresponds to the number
of Au atoms at the hollow site. The squares, circles and triangles correspond
to total effect, ligand effect and ensemble effect, respectively.[91] Copyright
from Royal Society of Chemistry 2001.

Alloying Pt with less expensive metals in fuel cells has been studied by
Hamnett, Demirci, et al.,[92-94] which is also a way to make direct methanol
fuel cells more economically viable. Choi et al. prepared Pt-based binary or
ternary catalysts systems as anodes for methanol fuel cells to compare the
catalytic activities. They found the Pt / Rh (2:1) and Pt/ Ru / Rh (5:4:1) alloy
catalysts had better catalytic performance than Pt or Pt / Ru (1:1),
respectively.[95] Ross et al. used Pt-Rh alloy system to understand the nature
of the enhanced activity of the alloy for electrochemical hydrogen molecule
oxidation in CO / Hz gas mixture. They found CO coverage is almost the same
with several alloys of different compositions, and the enhanced activity of Pt-
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Rh alloys is related to the catalytic properties of a metal alloy with just one
unpaired electron per atom, rather than 0.4 (0.6 hole) as in pure Pt.[96]

Multimetallic system can also improve resistance against poisoning and
subsequent deactivation. Hamnett et al. found adding other metals to Pt not
only enhanced the activity at the electrode, but also improved the resistance
to poisoning in methanol oxidation reaction.[92] Igarashi studied the
electrocatalytic activity for H> oxidation and also the CO tolerance in H:
oxidation using binary Pt alloy electrocatalysts with non-noble metals in
different compositions. They observed that the electronic structure of all the
metal alloys composed of a thin Pt layer was different from pure Pt, suggesting
an increased 5d vacancy of Pt in the layers of the CO-tolerant alloys. The CO
was less covered in the alloy due to less electron donation from the Pt band
to the 2" CO orbital. A “Detoxification mechanism” was proposed to explain
the CO tolerance in the alloys.[97] Another example is Au-Ni surface alloy
catalysts from steam reforming. There, Au in the Ni surfaces does reduce the
barrier for hydrocarbon activation, giving therefore higher reactivity, but it
decreases the stability of adsorbed C on Ni (Figure 1.14). Thus, the Au
minimizes the formation of graphite, protecting the Ni catalyst from
deactivation. Naitabdi et al. also demonstrated the high thermal stability of Au
in Au-Fe NPs compared to pure Au.[98] A y-Al203 supported Pd—Au bimetallic
catalyst showed better resistance against carbon deposition than a Pd only
catalyst in the hydrogenation of triacetic acid lactone to 5,6-dihydro-4-hydroxy-
6-methyl-2H-pyran-2-one in a 1-butanol solvent during 60 h of reaction.[99]
Recently, Ru—Sn on carbon gave stable activity and no apparent sintering and
leaching compared to other monometallic (Pd, Pt, Ru) catalysts during
continuous flow agueous-phase reduction of succinic acid.[100]

However, multimetallic systems do not always show a positive effect on the
catalytic performance. For example, Pt-M (M = Au, Pd, Ru and Fe) alloy
catalysts showed lower reactivity than pure Pt NPs in the reaction of methanol
decomposition, because the surface sites of Pt were occupied by less reactive
metal M atoms.[101]
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Figure 1.14. (Bottom curve) The calculated adsorption energy of a C atom
on a Ni (111) surface as a function of position along the surface. (Top curve)
The same energy function is shown when one of the surface Ni atoms has
been exchanged for a Au atom. The insets show the geometry in each of the
two cases.[98] Copyright from AAAS 1998.

Thus, using mutimetallic catalyst leads to several advantages: changing the
electronic properties of NPs; enhancing the catalytic activity; altering the
reaction pathway; preventing deactivation effects; definitely reducing the cost
of the catalytically active noble elements. Those effects are significantly
influenced by the surface properties of the multimetallic system, and the
nature of the secondary metal, as well as the preparation and pretreatment
conditions.

1.2.3. Catalysts deactivation

Catalyst stability is a significant factor to be considered for designing new
catalytic systems, especially for industrial applications. Understanding the
origin of catalyst deactivation is the only way to improve the lifetime of
catalysts. Normally, several reasons are attributed to the catalyst deactivation:
poisoning - active sites deactivated by strong chemisorption of molecular
species; fouling deposit - active sites blocked by inert ingredients impacting
the physical contact with the reactants; structure change - high temperature
causing structural and surface properties change; loss of catalyst — leaching
in liquid phase and evaporation with reactants in gas phase, etc. Thus,

25



Chapter 1: Introduction

catalysts can be deactivated in both gas and liquid phases. Here, we are
focusing on liquid phase because most biomass transformations are
performed in aqueous solution. Sintering, leaching, poisoning, carbon
deposition and support hydrolysis or collapse are the main factors accounting
for the deactivation of supported metal NPs catalysts in aqueous-phase
reactions (Figure 1.15).[102]
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Figure 1.15. Schematic of supported metal catalyst deactivation modes
during aqueous-phase reactions. Blue represents metal particles, while
green represents the catalyst support.[102] Copyright from American
Chemical Society 2021.

Water is able to react with various metal oxide chemical bonds and also metal
NPs, especially under high temperature and high-pressure conditions.[103-
108] Thus, support hydrolysis or collapse due to dissolution or structural
changes happens under hydrothermal conditions. For example, y - Al203
changes its phase to boehmite, and hydrolysis of zeolites and silica can also
take place.[109] As a consequence, those collapsed supports significantly
lose specific surface area, which further leads to active metal particles
sintering or being buried inside the support. MgO partially dissolved has been
reported during aqueous phase hydrogenation of furfural.[110] And HZSM-5
support was observed to lose its crystallinity in water when the temperature
increased from 50 to 200 °C under N2 pressure.[111] Kim et al. studied the
hydrothermal stability over two catalysts systems: Pt/Zr-P and Pt-ReOx/C in
the aqueous-phase hydrodeoxygenation of sorbitol reaction. They found
phase transformations in the Zr-P support during the reaction results in the
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loss of 97% of surface area, 86% of Pt surface sites, and 95% of surface acid
sites, but only 17% of surface area was lost in Pt - ReOx/ C, which showed a
higher hydrothermal stability. Thus, carbon materials are typically selected for
those processes as they usually show better stability under acidic or corrosive
conditions than metal oxides supports.[112]

Leaching is the dissolution of active sites (metal or acid) into the reaction
medium, which is usually sensitive to several parameters including
temperature, pH, solvent, and presence of ions.[113] Metal complexation
caused by the reaction between the supported metal and reaction species or
solvent induces leaching.[114] Most of the metal oxides, hydroxides and
carbonates utilized in catalysts can be slightly soluble in water.[115] Low
leaching, even at ppm levels, can raise a lot of issues for both catalyst
durability and products separation and purification as well as giving side
reactions. Leaching can occur for either noble metals or base metals, but base
metals are generally more prone to leaching. For example, Ni leaching was
found in various supported Ni catalysts for aqueous phase glucose
hydrogenation, but Ru catalysts are rarely leached away in the same
conditions.[116] Jocz et al. used revised Helgeson-Kirkham-Flowers
thermodynamic equation of state to determine the oxidation states and
compositions of metals and oxides in water at 150-550 °C and 22-50 MPa.
They found noble metals such as Ru, Au, Pd have much lower solubility
compared to base metals such as Co, Ni, Cu and Fe.[117] Bimetallic systems
also have the leaching issue, like Re leaching from Re-Pd/TiO2, and this
leaching behaviour is largely influenced by catalyst preparation, reaction
conditions like solvent polarity and concentration of reactants or products.[118,
119] Complexation can enhance the leaching of metal. Settle et al. found by
DFT calculations that the degree of Pd leaching from Pd/TiO: is correlated
with the binding energies of Pd and adsorbates. The lower the binding energy,
the more Pd leached (Table 1.2).[120]

Sintering generally can be described by the Ostwald ripening and particle
migration and coalescence modes, which is often observed in gas-phase
reactions at high temperature. But for aqueous-phase reactions, sintering can
happen even at relatively low temperature. Three stages can be used to
describe the sintering process of small metal nanoparticles (Figure 1.16).[121]
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Table 1.2 Pd leaching from uncoated 0.5 wt% Pd/TiO2 upon exposure to
various oxygenates and corresponding substrate binding energy to an
undercoordinated Pd site calculated using DFT.[120] Copyright from Elsevier

B.V. 2019.
Binding
Oxygen Concentr Temperatu Pd
i . energy
ate ation re Leaching
(Calculated)
% °C ppm kJ/mol
Furfural 1 24 0.31+0.01
Hexanoi
) 1 24 1.20+0.70 -58
¢ acid
Adipic
) 1 24 3.39+1.05 -72
acid
Muconic
] 1 24 6.09+0.10 -217
acid
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Figure 1.16. Schematic illustration of Ostwald ripening and particle migration
and coalescence during the sintering process.[121] Copyright from American
Chemical Society 2013.

In the first stage, activity is rapidly lost and small metal particles will

agglomerate with adatom to large ones, which can be explained by Ostwald
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ripening mechanism.[122, 123] The driving force is the different surface
diffusion energy of metal particles with different sizes, which therefore can be
controlled by optimizing the particle size in a narrow range. Phase Il is where
sintering slows down, and phase lll is where the catalyst may reach a stable
performance. In aqueous-phase reactions, since the temperature is usually
below 250 °C, particle migration and coalescence are less likely. Sintering of
supported metal NPs such as Ru, Pd, and Pt has been found on TiO2, active
carbon, carbon nanotubes, graphite, SiO2 and Al:03 in aqueous-phase
reactions below 100 °C.[124-129] During the hydrogenation of levulinic acid,
CuO NPs were found to sinter from 5.4 nm to 38 nm on the fresh Cu/ZrO:
catalyst at 200 °C for 6h.[130] In fact, CeO2 supported Au NPs with larger
interparticle distance were found to have less sintering effects than Au NPs
with smaller interparticle distance in aqueous-phase base-free oxidation of
glucose to gluconic acid.[131] Techniques like liquid-phase TEM technologies
have been used to study metal particle growth and dissolution in the
condensed phase.[132-134] And operando X-ray absorbance spectroscopy
was also used to monitor particle sintering.[135]

Fouling is a common phenomenon for deactivation in gas-phase reactions,
especially at high temperature, which includes carbon deposition and coke
formation, but it is also observed in some biomass conversion reactions in
liquid phase because of those highly reactive oxygen functional groups in
biomass-derived molecules. For example, formation of humins from
carbohydrates species over HY zeolite can lead to carbon deposition.[136]
Carbonaceous moieties can also cover the surface or block pores due to low
solubility and strong adsorption.[137] In glycerol oxidation over Pt-B catalysts,
active sites were blocked by adsorption of glycerol acid.[138] As a result,
carbon deposition can lead to a significant decrease in surface area and pore
volume of the support, then exacerbating the mass transfer limitations. For
example, after 52 h of hydrogenation of levulinic acid continuous reaction, the
surface area of Ru/C dropped from 1110 to 390 m? / g.[139] This carbon
deposition such as coke or carbon fibres formation can further plug reactors
in gas-phase reactions but not under hydrothermal conditions. Diluting
reactants could reduce carbon deposition.

Poisoning is a phenomenon occurring when active sites are strongly
chemisorbed with some reaction species including reactants or impurities like
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N, S, P-containing species, organic acids, amino acids, inorganic salts,
etc.[140] Different impurities affect catalysts differently. For example, in the
levulinic acid hydrogenation reaction over Ru/TiOz2 and Ru/ZrO: catalysts,
formic acid led to reversible deactivation, while furfural, HMF, and humins
caused a gradual drop in activity, but H2SO4 resulted in irreversible
deactivation. (Figure 1.17) [141] Gupta et al. used DFT calculations to
understand the bonding interactions of biogenic impurities with the Ni (111)
catalyst surface. They showed that amino acids containing S (methionine and
cysteine) and heterocyclic N (tryptophan and histidine) interacted with Ni
surface through nonbonding and bonding interactions.[142] Poison species
can also come from the reactor, for example, Fe leached form the stainless
reactor was found to poison a supported Ru metal catalyst.[143]
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Figure 1.17. Different catalyst deactivation behaviours of Ru/TiO2 and
Ru/ZrO: catalysts in dioxane and water in the presence of different impurities
such as formic acid, sulfuric acid, and furfural.[141] Copyright from American

Chemical Society 2020.

Supported Metal NPs potentially react with the reaction medium such as water,
and are sensitive to reaction conditions like temperature, pH, etc. inducing
changes in particle shape, structure, composition and oxidation state.
Therefore, the active metal sites are restructured. It can happen with
monometallic and multimetallic systems. For example, in the aqueous
nitrobenzene hydrogenation, metallic Ni active sites can change into inactive
Ni(OH)2.[144] 30% activity loss was observed when Ru NPs on Ru/TiOz were
oxidized on oxidation of succinic acid and p-hydroxybenzoic acid.[145, 146]
The distortion of crystalline structure on surface Pt NPs was also observed
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during the Suzuki-Miyura reaction in water and DMF.[126] Bimetallic catalysts
can be particularly prone to restructuration. In the aqueous-phase reforming
of ethylene glycol, Ni was found to segregate to the surface of Ni-Pt bimetallic
catalysts leading to a Ni-enrichment of the primarily Pt-terminated surface
accounting for higher activity than monometallic Pt catalysts.[147] The Ni
leached from the stainless steel reactor creating new Ni-Sn sites on Ru-Sn
catalysts was found to be responsible for deceasing activity during agueous-
phase succinic acid reduction.[100]

In all, catalysts deactivation can come down to three aspects: number of active
sites, accessibility to active sites, and intrinsic activity. Several parameters can
be manipulated when designing a new catalyst to modify the stability of the
catalyst. The same strategies (shape, composition, size, etc.) discussed
above for improving the reactivity of a catalyst is also applicable here, and
understanding the mechanism of deactivation in a specific reaction system is
the first thing to do in order to mitigate it.

1.3. Glucose hydrogenation reaction

As it has already been mentioned before, sorbitol is one of the 12 important
target chemicals in the biomass valorization program.[10] It is an important
precursor for the manufacture of L-ascorbic acid (Vitamin C), which consumes
almost 15% of the world sorbitol production. Sorbitol itself is the least costly
sugar alcohol, being the most commonly used sugar alcohol, and occupies
the biggest market share compared to other similar polyols, widely applied in
food, drugs, cosmetics, and so on.

Sorbitol is usually produced by hydrogenation, the substrate of which can be
monosaccharide glucose or direct biomass materials such as starch and
cellulose.[11, 116, 148-153] A hydrolysis process is involved in the latter
substrates. In this production process of sorbitol under the conditions of high
pressure of H2 and high temperature, unavoidable side reactions happen
inducing sorbitol degradation into lower alcohols, such as glycol, 1,2-
propylene glycol, and methanol.[154, 155] In addition, the yield of mannitol is
non-negligible during sorbitol production, which is a result of epimerization of
glucose in the case of alkaline medium. In order to concentrate on the metal
NPs active sites for direct sorbitol production, here, we are focusing on the
one-step reaction of hydrogenation of glucose into sorbitol, avoiding the
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process of hydrolysis of polysaccharides, which usually implies completely
different active sites, namely strong Bronsted acid sites. The mechanism,
kinetics and applied catalysts in this reaction will be discussed below.

1.3.1. Reaction mechanism

Hydrogenation of glucose into sorbitol in the aqueous phase in the presence
of a catalyst under Hz atmosphere is simply shown in Scheme 1.3.

OH

OH OH

WOH
a H, OH
— o -
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H OH

HOy,,
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HO o]

Scheme 1.3. Glucose hydrogenation to sorbitol.

In the very beginning, Bizhanov et al. believed that hydroxide ions catalyse a
dismutation reaction to form gluconic acid and sorbitol as well as fructose and
mannose due to a tautomeric transformation, as is illustrated in Figure 1.18.
Both reactions start with a nucleophilic attack by the OH- ion at the
hydrocarbon carbonyl group. If there is a catalyst (K), the reaction can be
represented as: [156]

Ce6H1206 + K = CsH1206 = K D
Hz (gas) = Hz (sol) s H2 x K = 2H K 2)
CsH1206 = K + 2H =K = CsH1406 + 3K 3)

‘x> and “’ represent sites for physisorption and chemisorption, respectively.
The details for the interactions between glucose, H2 and catalysts were not
discussed. Three years later, Makkee from the Netherlands explained the
mechanism for the copper-catalysed glucose hydrogenation reaction. They
found D-glucose is present as a- and B-pyranose forms in solution, and [3-
pyranose form is more favourably adsorbed on the copper surface through the
coordination of O-1, O-5, and O-6. (Figure 1.19). Ketoses interacting with
copper could generate such ionised species. Then the hydride like species
(Cu-H) favour an Sn2 type of reaction. Thus, one 2H was introduced at position
1 for D-glucose during deuterogenation over Cu/silica catalyst.[157]
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Figure 1.18. Dismutation (a) and tautomeric transformation of glucose
(b).[156] Copyright from Springer Nature 1982.

Figure 1.19. B-pyranose interacting with Cu and H adatom attacking C1
position.[157] Copyright from ScienceDirect 1985.

Figure 1.20. Nucleophilic attack of the carbon by hydrogen adatom on Ni
surface.[158] Copyright from Elsevier Science Publishers 1991.
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These authors thus explained the hydrogenation of glucose in ring form.
Cerino et al. proposed alternatively a mechanism based on an open-chain
form of glucose with Raney-nickel catalysts. They believed that promoters like
Fe, Cr maintained in positively charged form under Hz pressure, act as
adsorption sites for the glucose aldehydic form via the oxygen atom of the
carbonyl group. The polarization of the C=0 bond favours a nucleophilic attack
of the carbon atom by hydrogen dissociated on neighbouring nickel
atoms.(Figure 1.20)[158]

Then, Zhang et al. integrated the mechanism of glucose hydrogenation in both
the cyclic from and open chain form of glucose with a Ru/C catalyst (Scheme
1.4).[159] They also believed that Hz was first adsorbed on the active centres
of the catalyst, producing activated H. Then glucose reacts with the activated
H on the surface of the catalyst. Afterwards, the product desorbs from the
catalyst.

Recently, Zhang et al. explained that sorbitol is only produced from the aldose
form (Scheme 1.5). As described before, the aldose or ketose open chain
forms of glucose only represent 0.0026 mol% in water. Thus, they believe ring-
opening of glucose is the rate-limiting step for glucose hydrogenation. Proton
is first transferred to the ether-O of the glucopyranose ring inducing
subsequent C(1)-O(5) bond scission.[12, 160] The aldehyde function of the
aldose conformer may adsorb on metal surfaces via either the oxygen lone
pair n1(O) or n2 (C,0) configurations.

DFT calculations also help to predict the reaction mechanism. First, the
Mushrif group determined the most stable configuration of adsorbed aldoses
on transition metal surfaces by using the Perdew, Burke, and Ernzerhof (PBE)
functional. Calculation results showed that n2 (C, O) is the most stable
structure because of lower entropy of the n2 (C, O) configuration (Figure 1.21
a & b), but experiments could only detect the n1 (O) configuration. Only the
formyl oxygen is bound to the metal surface in the ni1 (O) configuration,
whereas both C and O in the carbonyl group and the hydroxyl group in the n2
(C, 0) configuration are attached to the carbon bound to the metal surface,
thus the latter forms a more constrained structure.[161] Additionally, they
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Scheme 1.4. The mechanism of reducing glucose with H> over Ru/C
catalyst.[159] Copyright from Elsevier B.V. 2011.
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Scheme 1.5. Ring opening and hydrogenation of D-glucose.[12] Copyright
from American Chemical Society 2016.

found the open-chain form of glucose could be due to a transition-metal-
catalyzed ring-opening process, in which the open-chain adsorption
configuration is formed after deprotonation and ring opening. This open-chain
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configuration closely resembles the ni1 (O) configuration and the
transformation from n1 (O) to n2 (C, O) is calculated to be thermodynamically
not favourable even at higher temperatures. Thus n1(O) configuration is visible
in experiments. Finally, they calculated the activation barrier at carbon and
oxygen atoms of the carbonyl group on Pt (111) and Pd (111) faces (Figure
1.21 ¢ & d), which showed lower barrier on the oxygen atom compared to on
the carbon atom. Thus, hydrogenation at the oxygen atom is more preferred.
Furthermore, glucose acting as an electron donor was found more inclined to
absorb close to the electron-poor metal / support interface.[162] Even though
the glucose hydrogenation reaction has been studied for a long time, the
precise mechanism of glucose hydrogenation into sorbitol is still debatable.
Reaction kinetic studies can indirectly reveal the nature of the glucose
hydrogenation details, which will be discussed in the following section.

; y .90
pPLP LYl
66 (108) kd/mok

|63 (78) kJimdl .

Figure 1.21. nz (C,0) configuration (a) and n1(O) configuration (b) adsorption
configurations on Pd surfaces for glucose. Transition states and activation
barriers for reactions on Pt (111) surface: (c) addition of H onto carbonyl C

atom, and (d) addition of H onto carbonyl O atom. The values in parentheses
are the activation energies for similar reactions on Pd (111) surface.[161]

Copyright from American Chemical Society 2015.
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1.3.2. Reaction kinetics

First, reaction kinetics of the high-pressure hydrogenation was investigated by
Hoffman and Bill. They found that transport of reaction medium between gas-
liquid-solid phases and their interfaces was the slowest process. Therefore,
they believed the diffusion of the dissolved glucose to the surface of the
catalyst is the rate-determining step.[163] Then, one equation for measuring
the initial rate of the reaction was established (equation 1).

—Ry = K C}; C'pHY Equation 1

Where Ro = initial rate of reaction, (Gram-molecules of transformed glucose)
/ (liter x hour); K = reaction rate constant (in h- for a first order reaction); Coc
= initial concentration of glucose; Ck = concentration of catalyst; pHz = actual
pressure of hydrogen, atm; I, m, n = order of reaction. Experimental results
showed the order of reaction relative to hydrogen was 0.5, while reaction order
to catalyst concentration was 1. In process technology, both batch and
continuous processes and, in the latter case, fixed and suspended catalysts,
are known.[164] Akher et al. discussed the factors affecting the catalytic
hydrogenation of glucose. They also observed a first order reaction with
respect to the catalyst concentration (4%, 8% and 12%) in the first three hours
of reaction with Raney nickel catalysts at 100 and 130 °C.(Figure 1.22) And a
significant deviation from linearity after initial period of the reaction was
observed, which was explained due to the decrease of pH value and increase
in sorbitol content.[165] Bizhanov and Drozdova studied the kinetics of the
reaction in alcohol media with Ru/Al20O3 catalyst. A catalyst potential shift from
the value of reversible hydrogen potential (r.h.p.) was observed both in water
and in 50% ethanol, which was due to the formation of the weak acid sorbitol
and gluconic acid.[156]

In order to show the applicability of reaction kinetics of glucose hydrogenation
and the effective diffusivities under various operating conditions, Turek et al.
studied the kinetics and pore diffusion in four kinds of reactors. Pellets and
powdered nickel-silica catalysts were applied in their study at 80 to 150 °C
and 1.6 to 10 MPa. They found that the reaction rate increased with the
increase of pH-value of the reaction solution and the diffusion resistance for
small particle size (dp = 0.3 to 0.5 mm) was negligible. In addition, the
conversion increased with the increase of reaction temperature (373-413 K)
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Figure 1.22. Catalyst concentration at 100 (a) and 130 (b) °C, log of residual
glucose vs. time.[165] Copyright from John Wiley & Sons 1974.

or Hz pressure (0.59 — 2.06 MPa). The activity factor - calculated mass transfer
parameters were determined by the selected model equations, then the
conversion data were computed in the laboratory-scale trickle-bed reactor,
which showed good agreement with the measured data (Figure 1.23).[166]
Thus, the reaction kinetics and effective diffusivities they established can be
employed in other operating conditions.
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Figure 1.23. Computation of the measured conversion vs reciprocal catalyst
loading.[166] Copyright from Elsevier B.V. 1983.

Later on, Wisniak and Simon used the Raney nickel, ruthenium, and rhodium
catalysts to study the hydrogenation reaction of glucose, fructose, and their
mixtures in the range 85 — 130 °C, 50 to 1000 psig, and catalyst loading 0.5
to 9% wt.[167] By plotting the logarithm of sugar concentration C vs. the time
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of the reaction t, they found that in every case the reaction follows a pseudo-
first-order course, which can be represented by the following equation:

r=-dC/dt=kC Equation 2

They stated that the system was probably controlled by the chemical reaction,
because in the reaction conditions, mass transfer resistance was negligible
(agitation above 900rpm [168] and hydrogen transfer resistances neglected
by high pressure). Hydrogen pressure in the gas phase can be assumed to
be a proportional measurement of hydrogen concentration at catalyst surface.
Adsorption of sugars (substrates and products) and hydrogen were not the
controlling step because of the reaction rate was not really proportional to

hydrogen pressure (Figure 1.24).
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Figure 1.24. Effect of hydrogen pressure. Glucose- Raney ruthenium.[167]
Copyright from American Chemical Society 1979.

Recently, first order dependency with respect to D-glucose and hydrogen was
testified with various catalyst systems, like 5%Ru/C with Ea of 55kJ/mol,[169]
Ru/HYZ with an Ea of 32.9 KJ/mol [170], Pt/silica with an Ea of 47 KJ/mol [12],
Ni/NiO with an Ea of 16 kJ/mol [171], etc. Thus, with the development of better
catalyst systems, the Ea of glucose hydrogenation into sorbitol decreased. The
reactivity and related side reactions, as well as the stability of the applied
catalyst are now discussed below.

1.3.3. Applied catalysts, side reactions and catalyst deactivation

In 1912, Ipatieff first reduced glucose to sorbitol in the presence of a Nickel
catalyst at 130 °C and Hz pressure of 100 at.[172] After that, numerous studies
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were engaged to investigate the mechanism and discover more active
catalysts systems. Simply, the existing catalysts can be divided into two
families: non-noble catalysts including Raney nickel, [148, 173-176] Co [177,
178] and Ni based catalysts [11, 13, 171, 179-184], and noble metal catalysts
including Ru [23, 169, 170, 181, 185-193], Pt, [12, 194] and Pd [195] including
their alloys.

Non-noble metal catalysts. Most of the non-noble metal catalysts are based
on Ni metal, and Raney nickel is the one of the most investigated since the
beginning. Briefly, Raney nickel is a fine-grain solid of Nickel-aluminium alloy,
which is prepared by dissolving nickel in molten aluminium followed by
quenching and activation in concentrated sodium hydroxide. During the
quenching step, small amounts of a third metal are added to enhance the
activity and stability. During the activation step in NaOH, aluminium is leached
and some porosity is created. Just like what has been said in the previous
section, kinetic studies have been deeply studied over Raney nickel catalyst.
However, due to the high leaching of Al and Ni from Raney nickel, studies
were focused on promoted Raney-nickel with some more electron positive
metals like Fe, Mo, Cr, etc. [196-198] For example, for Mo-modified Raney
nickel, the specific surface area increased from 56 to 77 m?/ g and the activity
also increased from 0.35 to 0.46 kg -!s -1.[186, 199] Since Mo-Al alloys (MozAl
or MosAls) formed in Ni2Als when Mo was added in Raney nickel, the leaching
of Al and Ni was effectively restricted, and Mo showed a high stability without
leaching. Cr was also reported to efficiently improve the activity of Raney

nickel and the activity depended on Cr content.[186, 200]. Regarding Fe

promoters, addition of Fe into Raney nickel catalysts largely improved the
specific surface area and improved the activity from 0.35 to 0.9 kg s, while
more Ni, Al and Fe leached during the reaction. Clearly, Fe is the most efficient
promoter in Raney nickel (Figure 1.25).[173] Phosphorus can also act as a
promoter for Ni catalysts. Amorphous Ni-P alloy (Raney Ni-P) prepared by Li
et al. showed only less than 1.0 ppm Ni leaching and higher glucose
conversion than Raney nickel.[179] Adding a promoter into the Raney nickel
could cause the synergy effect in the alloy, the promoter may provide a
adsorption site for glucose activation — ring-opening process or cyclic ring
adsorption. Thus, works should focus more on finding the origin of synergy
effects by studying the nature of the catalyst itself or the kinetics of glucose
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hydrogenation. One thing that should be noted for Raney nickel is that proper
pH in the aqueous solution was required to both reduce leaching and also
prevent the isomerization reaction from occurring. The proper pH is usually
around 7.5 in industrial production.[159]
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Figure 1.25. Initial rates of glucose hydrogenation for different catalysts as a
function of number of recycling (1 corresponds to hydrogenation on the fresh
catalyst).[173] Copyright from Elsevier B.V. 1993.

Instead of using a pure bulk metal catalyst such as Raney nickel, introducing
a support is a way to reduce the utilization of metal and improve the activity at
the same time, as well as enhancing the stability of the active phase through
metal-support interaction. As we all know, introducing a support can increase
metal dispersion. Al20s, TiO2, SiO2, or C have been reported to enhance
catalyst activity, following the sequence Al203 > TiO2 > SiO2 > C, but they all
had Ni leaching (Figure 1.26).[116] One Ni /SiO2 catalyst prepared by
Schimpf’s team exhibited almost no leaching due to the very small Ni NPs (2-
3 nm) but was less active compared to the commercial Ni/SiO2. The nickel
ethylenediamine complex was used for its synthesis.[11] Thus, Ni precursors
play also an important role in controlling the performance of prepared catalysts.
Besides, the high specific surface area and desirable porosity of MCM-41 and
HZSM-5 molecular sieves were also employed in catalyst preparations to
improve the metal dispersion.[191] Ni/Cu/Al hydrotalcite precursors were used
to prepared multimetallic catalysts. The prepared catalysts had high activity
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as well as excellent selectivity to sorbitol due to Al promoter, but Ni still
leached into the solution.[201] Referring to the promoter, Co and Fe with
magnetic properties showed additional advantages for the catalyst reuse by
magnetic separation. Ni-Co catalyst prepared by impregnation method
showed superior performance for glucose hydrogenation to sorbitol compared
to Ni, Co monometallic catalysts.[184] Detailed works investigating the
catalyst performance of Fe promoted supported Ni catalysts as well as the
side reactions induced by the promoter are still necessary.
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Figure 1.26. Specific activity of the catalysts prepared from ethylenediamine
complex, discontinuous (autoclave) hydrogenation.[116] Copyright from John
Wiley & Sons 2003.

Noble metal catalysts. Ruthenium was found to be the most effective catalyst
for glucose hydrogenation compared to Raney nickel and rhodium catalyst by
Wisniak and Simon in 1979.[167] And Ruthenium was resistant to leaching in
the aqueous phase. Thus, Ru catalysts were reported to be a promising
alternative for Ni based catalysts. Ru/C catalyst showed a nearly 100%
selectivity to sorbitol under 4 MPa Hz with excellent stability.[186, 202] And
this high activity of Ru/C catalysts was independent on the preparation
methods. A higher dispersion of Ru NPs can potentially lead to higher activity.
The influence of preparation methods and supports on catalyst activity of Ru
were also studied. [23, 203, 204] For example, glucose conversion increased
around 15% when changing the precursors from RuCls to ruthenium
acetate.[205] And a glucose conversion increased from 34.7% to 72.9% after
adding hexamethylene tetramine as ligand when preparing Ru on expanded
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graphite.[206] Besides, Ru alloyed with few other elements was also designed
to study the catalyst activity and stability. For example, Cr-promoted Ru-B
amorphous alloy prevented the coalescence of active Ru.[207] Other noble
metals like Pt and Pd also showed a higher activity in general compared with
Ni catalysts, but were less active than Ru catalysts.[12, 195]

Table 1.3 shows a series of representative Ni, Ru, Pt catalysts that have been
explored in glucose hydrogenation until now. The Ru catalyst series has an
absolute advantage in the catalyst activity over Ni based catalysts. The
performance of Ni based catalysts can be improved by manipulating the
support and also metal active sites. As it has already been elaborated before,
several side reactions can occur simultaneously with glucose hydrogenation
to sorbitol due to both the structure of glucose and also the harsh reaction
conditions. Thus, high sorbitol selectivity is also a significant factor to evaluate
when measuring the performance of the catalysts. Apparently, Ru catalysts
also prevail in the sorbitol selectivity among other catalyst systems. Catalyst
deactivation happened generally among Ni based catalyst systems, but rarely
in Ru catalysts. For example, Ni/SiO2 catalyst activity decreased very strongly
during the initial stage of the experiment series, but after a 20 h reaction, the
value of activity was almost constant.[166] The disturbance of the catalyst
metal-hydrogen structure was put forward to account for catalyst
deactivation.[156] And also, poisoning by chemisorption of reaction species,
sintering, restructuring of active sites, etc. may be involved in the deactivation.
Comprehensive analysis of the fresh and used catalysts are needed to
investigate the reasons of deactivation.

Based on the literatures of Hoffer et al. and Sinha et al., the sorbitol
productivity with Ru catalysts was calculated approximately to be 6 mol/gru,
which is 5 times higher than with Ni catalysts.[171, 186] Thus, Ru catalyst
demonstrates dominant catalytic performance, however, considering the
industrial costs of noble metal catalysts (Ru prices: 16879.14 $/Kg), non-noble
metals are always more preferable due to their really low cost (Ni prices: 23.72
$/Kg).[208] Moreover, optimizing non-noble catalyst systems to enhance their
performance is also a way to gain better understanding on the mechanism of
glucose hydrogenation to sorbitol in general and its requirement in terms of
active phase. This brings the main goal of this thesis. The details are
expanded in the following section.
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1.4. Objective and methodology

Sorbitol as one of the derivatives from biomass has been testified as a
significant molecule, closely related to our daily life and crucial raw materials
in chemical production. In 2020, the global sorbitol market reached a volume
of 2.62 Million Tons, and sorbitol is a molecule with approximately 50-60% of
the sweetness of sucrose.[211] Therefore, the significance of sorbitol
production goes without saying.

It has been more than 100 years since the first report of sorbitol production by
Ipatieff. Catalyst design for sorbitol production still prevails today. It has been
developed from the first Raney nickel catalyst, then to promoted Raney nickel
catalysts, then to supported Ni based catalysts, to current Ru catalysts. The
efficiency of sorbitol production from glucose naturally improved with the
constantly developing catalysts. Apart from the activity of the catalysts,
stability of the catalyst was also enhanced by the addition of precious metals.
However, the noble metals (Ru, Os, Rh, Ir, Pd, Pt) suffer from high toxicity and
environmental impact in addition to their scarcity and ensuing high cost. First
— row metals (Mn, Fe, Co, Ni, Cu) are emerging as environmentally benign
alternatives with relatively low price, but the catalytic activity is generally much
lower than noble metals. Thus, normally, more contents of base metal catalyst
are used in the real-world sorbitol production compared to noble metal
catalysts. For example, Raney nickel is a bulk metal catalyst, while
commercial Ru catalysts usually are loaded with only 3 wt% of metal on
carbon support. When a high metal loading catalyst is applied, purification of
the product to remove leached metal species is inevitable, which leads to
another factor rising the price of final product. The modern chemical industry
also requires alternative and environmentally friendly catalytic processes.
Since the industrial production of heterogeneous catalysts is roughly a 13
billion dollar per year business, even small enhancements can result in large
economic savings. Thus, from an industrial point of view, the catalyst with low
cost metal and minimum metal loading is the most desirable, which is one goal
for this thesis — realistic catalysts potentially being alternatives to current Ru
catalysts and Raney nickel catalysts.

On the academic side, the reaction kinetics of glucose hydrogenation are clear,
but the mechanism of this reaction still remains ambiguous, especially for
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recognition of the reaction intermediates. Although different base metals have
been tested for this reaction, the actual role of each metal is rarely discussed.
In addition, glucose hydrogenation in agueous solution under harsh conditions
leads to other competitive reactions like glucose isomerization, which is less
considered in the literature. Furthermore, manipulating noble metal to have
particles with different shapes and sizes has been well-developed, but in the
base metal part, there are still difficulties to obtain the desired well-defined
particles needed for fundamental studies. By controlling the morphology of the
particles to have different shapes and sizes of particles of base metals, it can
also potentially provide new ideas for the design of catalysts for industrial use.
In other words, by altering the structure of the base metal catalysts to
investigate their catalytic performance in glucose hydrogenation, we will hit
two birds with one stone: on the one side, we can better understand structure-
property relationships, and on the other side, we can provide ideas for the
design of new industrial catalysts. Meanwhile, analysing competitive reactions
during glucose hydrogenation will contribute to uncover the mechanism of this
reaction. Besides, understanding the causes of deactivation of the catalysts
can help to regenerate the catalysts and also enhance the stability of the
catalysts.

As Ni has already been applied in glucose hydrogenation since the beginning,
and it has also testified to be the best base metal catalyst with the highest
sorbitol selectivity in this reaction, we will here develop base metal catalysts
based on Ni metal. First, we will focus on bare Ni catalysts to study important
factors affecting their catalytic performance, like doping, shape, crystallinity.
Then, supports will be added to reduce the metal loading and also to make
the catalyst closer to industrial applications. There, we will only focus on
carbon-based supports, since carbon supports have been demonstrated to
have less charge transfer (CT) effect and also more stability than oxide
supports in aqueous solution (reducing the influence of the support hydrolysis
or additional possible reaction occurring over the support). Carbon black and
graphite nanoplatelets (GNPs) were chosen to study the support effect,
because those two supports exhibit similar specific surface areas but very
large differences in structure.

Thus, the main objective of our thesis is the design of nickel-based
catalysts and study of active sites for catalysing the hydrogenation of
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glucose, including the investigation of deactivation of those designed
catalysts. To achieve this main objective, four sub-goals will be pursued: 1)
design of bare Ni catalysts with different shapes, crystallinities and
compositions; 2) preparation of supported Ni nanoparticles with
different sizes and supports; 3) design of supported Ni-based bimetallic
catalysts; 4) comparative study of the morphology, crystallinity, and
composition of the catalysts before and after reaction.

Staring from the bare Ni catalysts, we will first try to synthesize unsupported
Ni particles with different shapes such as cubic, sphere and rod to obtain
different surface enrichments. In that case, we could study the effect of
different facets on glucose hydrogenation reaction. To do so, solvent thermal
synthesis will be applied with the use of capping agents like TOP, HDA, PVP.
By exploring different reaction conditions, different shapes of Ni particles
should be obtained. Once we acquire the Ni particles with different shapes,
surface chemistry analysis will be carefully carried out to determine the
surface chemical state including presence of the capping agents on the
surface of the particles. Then, morphology study will be carried out to define
precisely shape and size of the particles. By means of HR-TEM, external layer
facets of the particles could be identified. Besides, XRD, XPS and ICP will be
used to probe the crystallinity, surface chemical state and composition, and
the bulk composition of the material. This study could give us a general idea
about what is the main factor that could affect the catalytic performance of Ni
catalysts. This main body of work and results will be discussed in Chapter 2.

Then, carbon supports — CB and GNP will be introduced to prepare supported
Ni catalysts, in which we will study the size effect of Ni particles on glucose
hydrogenation reaction. As we know, the population of low coordinated atoms
on the surface of particles normally increases with the decrease of particle
size, and those atoms are generally more active, which consequently
improves the catalytic performance of the small particles. However, it is not
always applicable in every case because catalyst deactivation and competitive
reactions are undergoing at the same time. Thus, it is worthy to study this
effect with Ni catalysts in glucose hydrogenation reaction. If the size effect
exists, it will obviously provide ideas for designing new optimized catalysts. To
obtain different sizes of Ni particles, we will prepare the smallest particles first
as a growing seed then make the particles grow up at different scales. In other
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words, the prepared seeds will be processed under different heat treatment
conditions to be controllably sintered. Also, those obtained samples will be
investigated by multiple characterization methods, as detailed above, to
determine their morphologies, crystallinities, compositions, etc. and establish
structure/activity relationships. Meanwhile, two carbon supports will also be
compared to reveal the support effect. The details of these experiments and
presentation of results will be elaborated in Chapter 3.

To go one step further than the monometallic Ni catalysts mentioned above,
bimetallic catalysts will be designed to study the composition effect of Ni
catalysts in glucose hydrogenation. We will add a second metal — Fe as a
promoter to see if the catalytic performance including the activity, sorbitol
selectivity and stability can be improved or not. Iron has been chosen as a
cheap and abundant component. There, monometallic counterpart catalysts,
Fe-Ni bimetallic catalysts with different M1/M2 ratios will be prepared by sol-
gel method. Since this is a bimetallic catalyst system, the reaction kinetics will
be particularly focused on to determine the role of each metal. Similarly,
comprehensive characterizations will ensure the understanding of intrinsic
properties of the catalysts. All those works will make up the Chapter 4.

Another remaining challenge for Ni-based catalysts is maintaining the metal
contents of the original catalysts (i.e. reducing leaching) while improving its
activity. Thus, the study of Ni leaching will also be addressed for each Ni
catalyst system as well as investigating other reasons for Ni catalysts
deactivation, like the changes of morphologies, surface chemical states. This
will be the work in Chapter 5, that will end up with practical suggestions to
mitigate deactivation causes.

All'in all, several aspects will be studied while designing Ni based catalysts in
order to obtain various electronic surface states of Ni NPs and study their
activity in glucose hydrogenation reaction, as well as catalyst deactivation. It
is worth noting that no specific works have been done so far by other authors
on the effect of different carbon supports in glucose hydrogenation. And the
size /shape effect has never been discussed in the glucose hydrogenation
reaction for non-noble catalysts. Thus, the outcomes of this thesis will
definitely bring ideas to guide the design of new highly active and stable base
metal catalysts and to better understand the glucose hydrogenation reaction.
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2. Synthesis of spherical, rod, or chain Ni nanoparticles and
their  structure-activity relationship in glucose
hydrogenation reaction

2.1. Introduction

Biomass is currently the only resource for the production of sustainable
organic carbon and biofuels,[212] and it can be used as a substitute for
traditional fossil fuels to produce sustainable fuels and chemicals. The
utilization of biomass can reduce the dependence on declining petroleum
resources and reduce CO2z emissions.[213] In particular, cellulose accounts
for 40% of the biomass obtained through natural photochemical processes
yearly.[214] Cellulose derived products have been exploited via degradation
processes by enzymes, or under critical conditions like acid or base and
heterogeneous catalysis. Catalysis allows to work under softer conditions and
increases selectivity. The primary product glucose is produced as a
consequence of breakage of B-1,4-glycosidic bonds in cellulose.[214, 215]
Sorbitol is the reduction product of glucose, widely used in medical
applications and in the food and cosmetic industries, which has been
recognized as one of the twelve most important platform chemicals obtainable
from biomass.[10, 151]

Sorbitol was first produced by the reduction of glucose in 1912 by Ipatieff in
the presence of a nickel catalyst.[172] Since then, plenty of research has been
carried out to investigate the mechanism[158, 160, 161], kinetics[156, 166,
169] and mostly the design of new catalysts for this transformation.[12, 191,
193] The applied catalyst has evolved from pure Raney-type nickel catalysts
at the beginning to promoted Raney Ni, where a higher electronegativity metal
or promoter is used to further enhance catalytic performance of Ni [157, 158,
173]. For example, since Rh has a higher electronegativity than Pt, the
activation energy of glucose hydrogenation could be improved from 50-54
kdJ/mol (Raney Ni doped with Pt) to 38-42 kJ/mol (Raney Ni doped with
Rh).[216] Later, the catalysts were further developed into supported metal
nanoparticles, and the noble metals Pt, Pd, and Ru were explored as well.[12,
181, 189, 195]. As a result, Ru is currently the catalyst with best activity, as it
is reported by Hoffer for example that 3.5-6.5 wt% of glucose in aqueous
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solution was 100% converted into sorbitol with a selectivity >98% over ~ 2g of
Ru/C catalyst in ~140 min.[186] Although Ru catalysts demonstrate dominant
catalytic activity, considering that the industrial cost of Ru is more than 700
times higher than Ni, non-noble metal catalysts are always preferable for
industry.[208] Thus, development of low-cost catalysts has continued to be
studied in parallel.[171, 184, 191] In addition to achieving high activity, sorbitol
selectivity is also another important criterion of catalyst performance for
glucose hydrogenation, since isomerization, as well as other side reactions,
take place in aqueous solution under harsh conditions.[11, 217] Among
previously developed catalysts, Ni and Ru have the advantage of high sorbitol
selectivity, by opposition to Pt, Pd metals that give lower sorbitol yields for the
same glucose conversion.[181, 194, 195] Given the high cost of Ru mentioned
above, Ni was chosen in this work to construct a more abundant and cheaper
metal catalyst with a high activity and sorbitol selectivity for glucose
hydrogenation.

Unlike the supported Ni catalysts mentioned above, unsupported Ni particles
are favoured in the present study to be able to investigate the structure-
activities relationships induced only by the Ni particle itself. Regarding metal
particles, the modification of their catalytic performance can be achieved by
manipulating the morphologies including regulation of particle sizes and
shapes and by tuning the composition and crystallinities.[49, 61] Given that it
is easier to obtain metal particles with different sizes, more research has been
done on patrticle sizes than on shapes. Nevertheless, due to the fascination of
facet effects caused by different shapes of particles, a great deal of work has
been done on shaped controlled nanoparticles applied in catalytic reactions
over the last two decades.[42, 66, 218] For example, Xu et al. have found that
the rate of oxidation of styrene over silver nanocubes was more than 14 times
higher than that on nanoplates and 4 times higher than that on near-spherical
nanoparticles.[60] The shape of the metal nanoparticle not only has an effect
on the activity, but also on product selectivity. For instance, Kim et al.
observed a lower acetylene conversion and ethylene selectivity over spherical
nanoparticles with a significant amount of (111) facets than cubic Pd
nanoparticles with (100) facets for the selective hydrogenation of acetylene
over Pd / Al2O3 catalyst.[76] Apart from the morphology of particles inducing
variation of their catalytic performance, altering the crystallinity and
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heteroatomic doping also has raised interest since a long time. Heterogenizing
metal catalysts with P has been used in electrocatalysis and thermal catalysis
due to enhanced catalytic activity.[219, 220] For example, P dopant in Rh
catalysts can eliminate the surface hollow sites thus weakening the adsorption
strength of CO, leading to a higher hydroformylation activity of Rh-P catalyst
compared to Rh catalysts.[220] Ni-P/SiO2 amorphous catalyst lost its surface
active Ni atoms after it was crystallized stepwise from 673 to 873 K, leading
to a higher Ea and lower TOF value for the hydrogenation of
benzaldehyde.[221] And in particular, amorphous Raney Ni-P alloy catalyst
exhibits a superior turnover rate than undoped Raney Ni for the hydrogenation
of glucose to sorbitol.[179] Although catalysts that have been tuned by
manipulating factors such as morphology, crystallinity and composition have
been applied in various catalytic reactions, to the best of our knowledge, for
biomass conversion, the influence of metal morphology coupled with
crystallinity and composition effect on catalytic performance and product
selectivity is rarely studied. In particular, there are no relevant studies for this
specific parameter in glucose hydrogenation. Therefore, a fundamental study
aiming at understanding structural factors in this reaction can potentially
provide implications for the design of novel catalysts for biomass conversion.

Based on this, we prepared Ni nanospheres and Ni nanorods with different
crystallinities and compositions by modulating the pressure of hydrogen
during the synthesis. This differs from the usual strategies that imply
controlling the concentration of the surfactants used as stabilizing agents.[222]
Then, a third Ni nanostructured catalyst — namely nanobead chains was
synthesized using a well-established method,[223] and was applied to
compare the catalytic performance with Ni nanospheres and nanorods in the
glucose hydrogenation reaction. The comprehensive surface and bulk
analysis of the three different Ni catalysts was carried out to clarify the reasons
for their differences in catalytic performance and identify shape, crystallinity
and composition factors that are unavoidably intimately entangled.

2.2. Experimental

2.2.1. Chemicals and materials

Nickel(ll) acetylacetonate (Ni(acac)z) [Ni(CsHzO2)2, 95%, Sigma-Aldrich],
hexadecylamine (HDA) [CH3(CHz)1sNHz, 90%, Sigma-Aldrich], Nickel chloride
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hexahydrate [NiCl. 6H20, 99.95%, Alfa Aesar], trioctylphosphine (TOP)
[[CH3(CH2)7]sP, 97%, Sigma-Aldrich], mesitylene [CsH3(CHz)s, 98%, Sigma-
Aldrich], polyvinylpyrrolidone (PVP 40000) [CHesHoNO)n, Sigma-Aldrich],
hydrazine hydrate [N2H4 H20, 99+%, Fisher Chemical], toluene [C7Hs, 99.85%,
Acros Organics], ethylene glycol (EG) [HOCH2CH20OH, 99%, Alfa Aesar],
ethanol absolute [C2HsOH, 99.97%, VWR Chemicals] and ethanol [C2HsOH,
99%, VWR Chemicals] were used as received.

2.2.2. Catalysts preparation

Synthesis of Ni nanospheres. The reagents used and their relative
proportions were referred from the literature [224], but the synthesis conditions
and purification steps were designed here. Briefly, 676.9 mg (2.5 mmol) of Ni
(acac)2 and 6.69 g (25 mmol) of HDA were dissolved in 42 mL of mesitylene
in a 100 mL beaker with an oval stir bar (35 x 16 mm) introduced in advance.
After a uniform solution was obtained, 0.62 mL (1.25 mmol) of TOP was added.
Then the beaker was immediately placed inside a 300 mL stainless-steel high-
pressure reactor. The reactor was degassed under vacuum and put under
hydrogen 5 times, and finally filled with hydrogen at a pressure of 2 bar at
room temperature. Then the reactor was heated until 180 °C and left to react
for 19 hours with a stirring speed of 400 rpm. After 19 hours, the beaker was
taken out of the reactor at a temperature around 50 °C. All the formed particles
were attached to the magnetic stirring bar. The particles were transferred from
the stirring bar into a clean beaker for further purification, as described below.

Synthesis of Ni nanorods. The same reactants were used as for the
nanospheres but different experimental conditions were used: namely 676.9
mg (2.5 mmol) of Ni (acac)z and 6.69 g (25 mmol) of HDA were dissolved in
42 mL of mesitylene in a 100 mL one-neck round-bottom flask, and an oval
stir bar (35 x 16 mm) was introduced in advance. After the flask was degassed
and refilled with Argon for 3 times, it was subjected to ultrasounds for 30 min.
0.62 mL (1.25 mmol) of TOP was injected into the flask, then the flask was
degassed under vacuum and filled with hydrogen 5 times and kept under
hydrogen atmosphere with two individual balloons. Then the flask was heated
until 180 °C and left to react for 19 hours with a stirring speed of 375 rpm. After
19 hours, all the particles were attached to the magnetic stirring bar. Then the
nanoparticles were transferred from the stirring bar into a clean beaker for
further purification, as described below.
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Synthesis of Ni nanobead chains. The preparation method followed Wen’s
work.[223] Briefly, 3 g of PVP-40000 was dissolved in 150 mL of EG in a 250
mL round-bottom flask, then 0.75 mL of 1 M aqueous NiClz solution was
introduced with vigorous stirring using an oval magnetic stirring bar (35 x 16
mm). After the whole mixture was heated to 150 °C, 5 mL of N2H4 H20 was
added, dropwise with a stirring speed of 500 rpm. The mixture was maintained
at this temperature for 12 min. Then a dark grey product was formed. The
product was separated by a strong magnet and transferred into a clean beaker
for further purification, as described below.

Products purification: For Ni nanospheres and nanorods, the separated
products were dispersed into 30 mL of toluene. After 2 min ultrasonication, the
particles were separated by a magnet. Then 30 mL of a mixture of toluene and
ethanol (1:1) was added to the particles and they were redispersed into the
solution using ultrasounds. The particles were again separated by a magnet
and the liquid was decanted leaving only the particles. This process was
repeated 6 times, then the product was dried in a vacuum oven at room
temperature overnight.

For Ni nanobead chains, the product was dispersed into 30 mL of deionized
(DI) water by ultrasonication and separated by magnetic decantation,
repeating this 3 times. Then it was washed with ethanol another 3 times using
the same procedure. After the product was further washed with absolute
ethanol, it was dried in a vacuum oven at room temperature overnight. Finally,
the catalysts were collected and stored in screw thread vials without any
further treatments.

2.2.3. Hydrogenation of D-glucose

Hydrogenation experiments were performed in a stainless-steel high-pressure
reactor (Parr autoclave). 12 mg of as-prepared nanoparticles catalyst was
added to the aqueous glucose solution of 100 mL with a concentration of 5
g/L, then the reactor was purged with N2 for 5 min to remove air. The reaction
mixture was subsequently heated to the set temperature (within the range
140-160 °C) under Nz, then the autoclave was filled to a constant Hz pressure
(30 bar) and the reaction started after turning on the stirring with a speed of
1700 rpm (which was sufficient to eliminate external mass-transport
limitations). Samples were periodically withdrawn from the reaction vessel and
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filtrated on PVDF membrane (0.2 ym) to evaluate the evolution with time of
both glucose conversion and products yields using HPLC. HPLC analysis was
performed on filtrates with a Waters system equipped with a refractive index
2414 detector. An HPX-87C carbohydrate column was used, with ultrapure
water as mobile phase at a flow rate of 0.5 cm? mint, a column temperature
of 358 K and 25 pl of injected volume. Standard alpha-D (+)-glucose (CeH120s,
2 99%, Acros), D-(-)-fructose (CeH120s, = 99%, Sigma), D-(+)-mannose
(CeH120s, 2 99%, Sigma), D-mannitol (CeH140s, = 98%, Sigma-aldrich) and D-
sorbitol (CsH140s, = 99.5%, Sigma) were first analysed by HPLC to determine
their retention times separately, which were used as references to identify the
products of glucose hydrogenation. The glucose conversion, sorbitol
selectivity, product percentage yield, sorbitol productivity and carbon balance
were calculated according to equations 3-7:

moles of glucose (t = 0)—moles of glucose (t = i)

Conversion (%) = x 100 Equation 3

moles of glucose (t =0)

Selectivity (%) = moles of sorbitol (t = ) x 100 Equation 4

moles of glucose (t=0) —moles of glucose (t =1i)

Yield (%) = melesofproduct =D 'y Equation 5

moles of glucose (t = 0)

Sorbitol productivity = m Equation 6

Nglucose (t=i) TNfructose *Nmannose *Nmannitol T Nsorbitol
Cp(%) = - = x 100

Nglucose (t=0)

Equation 7

2.3. Results and Discussion

2.3.1. Catalysts preparation

Ni nanospheres and nanorods were obtained using the same reactants but
different reaction conditions, mainly varying hydrogen pressure. The long
chain amine - HDA has been proven a suitable capping agent for nanocrystal
synthesis, and TOP was reported as a stabilizing ligand in the formation and
stabilization of Ni nanoparticles (Scheme 2.1).[225, 226] Hydrogen pressure
is a tuneable factor to affect the kinetic of Ni particle growth, resulting in the
production of particles with different morphologies and structures. Under the
condition of 2 bars hydrogen pressure, ordered arrays of single dispersed
nanospheres were acquired, while Ni nanorod particles were obtained when
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the hydrogen pressure was about 1 bar. Thus, two different shapes of Ni
nanoparticles were successfully achieved through altering the hydrogen
pressure. In addition to hydrogen pressure, it is also significant to emphasize
that temperature is a crucial factor to obtain Ni nanoparticles. Several
temperatures have been attempted for the preparation of Ni nanoparticles
(Table S1) and it was found that with a reaction temperature below 180 °C,
magnetic Ni nanoparticles could not be obtained even when prolonging the
reaction time until 46.5 h at 140 °C. For all failed cases, no particles appeared
at the end of the reaction, leaving the reaction medium beige or black in colour,
indicating the precursor was not well reduced. Thus, 180 °C is necessary for
the preparation of both Ni nanosphere and nanorod nanoparticles. Ni
nanobead chains particles were directly prepared following the reported
procedure without any modification.

a) b)
HoN .~ "NH,

RN N N N N
Scheme 2.1 Structures of HDA (a) and TOP (b).

2.3.2. Morphology, surface chemistry and composition of the catalysts

The morphology of different shapes of Ni particles was determined by the
comprehensive analysis of SEM and TEM images (Figure 2.1). As shown in
Figure 2.1, regular Ni nanospheres were neatly self-assembled, forming three-
dimensional stacks. The measured particle size differed in SEM and TEM due
to different calibration of magnification and contrast.[227] Due to the TEM
images displaying a clearer edge than SEM images, the particle size was
measured (more than 10 nanoparticles) on the TEM image in Figure 2.1c,
which gave 24.1 + 0.8 nm with each particle being surrounded with a thin shell,
while  TEM micrographs show relatively homogeneous structures for
nanobead chains and nanorods. Nanorods as shown in Figure 2.1 d and e
were organized in a random dispersion, with a 72.3 £ 3.5 nm in length and
15.5 £ 1 nm in width dimension also measured on the TEM image. Nanobead
chains do not have a uniform length, but it is greater than 1.5 pm, seeing
Figure 2.1g - h, and are formed by stringing together nanospheres with a
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diameter of 98.3 + 9.3 nm. This is consistent with results of the reference.[223]
The measured particle sizes differed in SEM and TEM maybe due to
combination of inconsistent calibration of magnification and contrast.[227]
TEM shows that nanospheres are connected to build anisotropic assemblies
probably triggered by dipolar interactions. However, considering the
polycrystalline beads, such an anisotropic shape cannot result from oriented
crystal growth.

3

100 nm
-

Figure 2.1. SEM (left and center) and TEM (right column) images of Ni
nanospheres (a-c), Ni nanorods (d-f) and nanobead chains (g-i).

During the syntheses, large quantities of HDA and TOP were used as
stabilizers for Ni nanospheres and nanorods, and surfactant PVP was applied
for the preparation of Ni nanobead chains. Even after extensive washings
during purification, those reagents could finally stay on the surface of the
particles as surface agents, which would affect the catalytic performance by
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changing the surface chemical environment.[228] ATR-FTIR, Raman, and
XPS were systematically applied to analyse the cleanliness of the surface of
the catalysts.

b) fooo —— Nanabead chain

—— Nanorod
Nanosphere
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Figure 2.2. ATR-FTIR spectra (a) and Raman spectra (b) of Ni nanospheres
(blue), nanorods (red) and nanobead chains (black).

Figure 2.2a shows the ATR-FTIR spectra of prepared catalysts. All the spectra
baselines slope down to the right, since all of the three samples in ash black
colour display absorption over the entire region from 4000 to 500 cm-* and at
low wavenumber this effect grows greater with deeper light penetration.[229]
Those “spiky” peaks in the 3800 cmregion correspond to the active hydrogen
bond of the O-H stretching vibration and bending mode of H20O molecules in
the atmosphere. The peak observed at 2349 cm™! was assigned to O=C=0
stretching of environmental CO.. The broad peak around 1313 cm™ in
nanosphere sample may correspond to the C-N stretching and a slight sharp
peak around 666 cm! existing in all three samples was ascribed to the N-H
wagging mode of amine groups.[230] Both C-P stretching peaks of TOP at
1159, 1070 and 1023 cm! and N-H stretching and C-H stretching of HDA at
3330 cm! and 2916 cm* are absent in the spectra.[231] Moreover, no other
vibration peaks appearing in the group frequency and fingerprint region of the
three samples suggests that most stabilizing agents were washed away from
the products. Similarly, the polarizability of the electrons in those organic
molecules were not observed in Raman spectra, for instance, the longitudinal
acoustical mode of primary amines around 144 cm-*that would arise from HDA
was absent [232] (Figure 2.2b). Nevertheless, phonons within the Brillouin
zone are active in Raman spectra. For Ni nanospheres, the approximately flat
curve is due to the size of nanospheres being smaller than 30 nm and the loss

in long range order.[233] The conservation of phonon momentum q in the
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oxidation layer of the Ni nanobead chains leaves as Raman active mode the
zone centre (g = 0) optical phonon at 1058.3 cm-%, 688.9 cm, 517.3 cm and
371.7 cmt, which correspond to 2PLo, 2P0, 1Pto, 1PLo of NiO vibrational
modes, respectively.[234] Those phonon frequencies can also be observed in
the Ni nanorod sample, but the observation of the narrow or broad humps
differentiates between the nanorods and nanobead chain, and can be
attributed to different long-range ordered structures within those two.[235, 236]
The steeply rising outline below 300 cm is the elastically scattered laser
radiation.[234]

In addition to IR and Raman acquisitions, XPS was also applied to assess the
occurrence of the different elements at the surface of the materials. The
atomic % of those elements calculated based on each high-resolution spectra
are shown in Table 2.1. N was detected in all three Ni nanoparticles samples,
as seenin the N 1s high resolution spectra shown in Figure S1. Peaks at 399.7
eV are corresponding to the amine group in remaining HDA for nanospheres
and nanorods and N in PVP for nanobead chains. An additional nitrogen peak
observed at 397.9 eV in the nanobead chains sample is associated with
electronic donator-acceptor interactions between the chemisorbed PVP and
Ni surface.[237] Although the same amount of HDA was used for the
preparation of nanospheres and nanorods, the remaining N contents on their
surfaces are slightly different, with 1.5 at.% on nanospheres and 0.6 at.% on
nanorods. More N content existed in the nanobead chains originating from the
usage of PVP during the synthesis. P was detected in nanospheres sample
with 1.1 at.% on the surface, which may contribute to different compositions
of the external thin layer observed in TEM image. Figure 2.3a shows
photoelectron measurement of P 2p core level. The phosphorus core level
contains two main components. The lower binding energy peak observed at
130 eV corresponds to elemental phosphorus (P°), which consists of the
characteristic doublet representing the P° 2ps;2 and P° 2p12 orbitals with peak
positions of 129.9 eV and 130.8 eV respectively.[238] This elemental
phosphorus existing in nanospheres catalyst indicates the possible existence
of Ni-P alloy, which could be a component positioned at the surface of Ni
nanospheres. The peak centred at 133 eV in the spectra represents a
pentoxide component such as P20s (P5*), which also contains two sub-peaks
of P%* 2psz at 133.0 eV and P%* 2p12 at 134.2 eV.[239, 240] The phosphorous
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Table 2.1 Atomic percentages of C, N, Ni, O and P determined by XPS
measurement; Binding energy and contents of Ni° Ni®*in Ni 2pa/2 level.

. . C N Ni o P . .
Ni particles Ni® 2pas2 Ni%* 2pa2
1s %1s % 2p3 % 1s % 2p %
B.E.
B.E. (eV) at.% at.%
(eVv)
Nanospheres 50.4 1.5 5.1 42.0 1.1 8525 28.3 856 71.7
Nanorods 615 0.6 4.1 33.9 0.0 8524 28.9 855.1 711
Nanobead
. 475 26 6.8 43.1 0.0 852.1 24.3 8553 75.7
chains
a) b) -Nanospheres 'f Ni 2p, ,
. X\
3 S 8es 860 855 850
:; .;: Nanorods ﬁ Ni 2p342
€, 13 13 132 130 128 £, 85 850 855 850
P2p — ['Nanobeads chains v\ Ni 2pw
865 50

13 T4 132 130 128 860 855
Binding Energy (eV) Binding Energy (eV)

Figure 2.3. High resolution P 2p (a) and Ni 2ps;2 (b) XPS spectra of
nanospheres (blue), nanorods (red) and nanobeads chains (black).

oxide could come from the surface oxidation when phosphorus was exposed
to air.[241] Apart from N and P, more than 90 at. % of the elements on the
surface were C and O, which may be derived from the remaining organic
species, surface oxidation and surface contamination by adventitious
carbon.[224, 242] This could affect the chemical state of Ni on the surface.
Thus, high resolution XPS of Ni were recorded to identify its chemical state.
Those XPS spectra of Ni 2ps/z for the three catalysts are shown in Figure 2.3b
and the calculated atomic percentage in oxidation and metal states are
displayed in Table 2.1. The binding energies around 852 eV and 855 eV are
assigned to metallic Ni (Ni°) and oxidized Ni (Ni®*), respectively, along with
satellite peaks.[243] Since the catalysts were stored without particular
precautions, an external Ni oxide layer could be formed due to the contact with
air,[224] which explains the presence of oxidized Ni. Similar percentages of
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metallic Ni phase were detected on the near surface of nanosphere, nanorod,
and nanobead chains catalysts.

Inductively coupled plasma optical emission spectrometry (ICP-OES)
analyses were carried out to determine the elemental composition in the bulk
material of the three Ni catalysts, and the results are shown in Table 2.2. N
was detected in less than 0.1 wt% quantity in all three catalysts while 8.02 wt%
of P was present in the bulk of nanosphere catalyst and none in the two others,
which is consistent with results of XPS characterization. Since the content of
P detected by ICP (ca. 9 at. %) is higher than by XPS (1.1 at. %), P should
distribute both in the external and internal volumes of the nanosphere particles.

Thus, most of the reactants were well removed from the surfaces of the
catalysts after washing, but the adsorption of some species on the surface
cannot be totally eliminated even with deliberate washing. Moreover, surface
oxidation was found in the three Ni catalysts, and phosphorus as an impurity
was only detected in Ni nanospheres catalysts. The possible phases
identification within the three catalysts will be elaborated below.

Table 2.2 Elemental analysis (wt%) of Ni nhanosphere, nanorod, and
nanobead chains samples as measured by ICP-OES.

Element C% H % N % Ni % P %
Nanospheres 1.28 1.03 <0.10 82.82 8.02
Nanorods 2.48 0.89 <0.10 86.41 <0.01
Nanobead

_ <0.10 <0.10 <0.10 96.99 <0.01
chains

2.3.3. Crystallinity of the catalysts

The power XRD patterns of three different catalysts are illustrated in Figure
2.4. The diffraction peaks at 20 = 44.5° in all samples corresponded to the
(111) crystal planes of crystalline face centered cubic (fcc) nickel, and the
peaks at 26 values of 51.8° and 76.4° in the nanorod and nanobead chain
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Figure 2.4. XRD patterns of Ni nanospheres (blue), Ni nanorods (red) and Ni
nanobead chains (black).

samples were assigned to the (200) and (220) crystal planes of fcc nickel
(JCPDS-ICDD card No0.04-0850). The low intensity of the broad (111)
diffraction peak in the nanospheres indicates small crystal grain size in this
catalyst. Particle size calculated using the Debye—Scherrer formula based on
the full-width at half-maximum (FWHM) of the (111) diffraction peak in
nanospheres catalyst was only 3.4 nm, which is much lower than the value
measured by TEM (24 nm), indicating the low crystallinity and / poly-crystalline
nature of the Ni nanospheres. Besides, the diffraction of (200) and (220)
planes were not distinguished in the nanosphere catalyst. On the contrary, all
diffraction peaks can be observed in the nanorod and nanobead chain
catalysts, indicating their higher crystallinity compared to nanospheres.

HR-TEM images and SAED patterns of nanospheres, nanorods and
nanobead chains catalysts are shown in Figure 2.5. The HR-TEM images
(Figure 2.5a-c) of the three catalysts have clear lattice fringes with a spacing
of about 0.2 nm corresponding to the Ni (111) face. The SAED patterns of all
three samples (Figure 2.5d-f) show concentric circles, which are due to
polycrystallinity in the nanostructures. The nanorods (Figure 2.5e) have a
relatively more spotty pattern, while there are distinct diffused rings in the
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Figure 2.5. HRTEM images and SAED patterns of Ni nanospheres (a, d),
nanorods (b, e), nanobead chains catalysts (c, f).

nanospheres and nanobead chains, which implies an amorphous structure
with short-range order but with defects. For the nanospheres (Figure 2.5d),
one clear and bright diffused ring was observed in the middle, which
corresponds to Ni (111) plane. The diffraction rings of Ni (200) and Ni (220) in
the nanospheres are not as clear as they are in nanorods and nanobead
chains catalysts, which is in complete agreement with the result of p-XRD.
The crystallinity was also investigated by dark-field (DF) images. Figure 2.6
illustrates DF images taken in different areas of the samples and at different
angular beam tilts. The details of the corresponding bright-field images, SAED
images and portions of diffraction ring chosen for DF imaging are illustrated in
Figure S2 to S4.

In Figure 2.6a-c, few bright spots with low contrast were observed in the
nanospheres catalyst (circled in the images), suggesting low crystallinity for
the nanospheres, while the lit up areas in the nanorod sample mostly
stretched along the nanorods, forming short light lines rather than light spots
as in nanospheres. In addition, the borders of the nanorods, corresponding to
Ni (111) facets, were well illuminated (Figure 2.6d-f). This is consistent with
the clear presentation of boundary crystal planes on the edges of the
nanoparticles as seen in Figure 2.5b. The nanobead chains catalyst has more
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and larger bright spot areas than the nanospheres, but those lit up parts are
also discrete (Figure 2.6g-i). Thus, the nanorod catalyst presents a more
continuous crystalline structure, especially in the outer layers of the particles,
compared to the nanospheres and nanobead chains catalysts. This
amorphous and low continuous crystalline structure of nanospheres can be
further testified by the lowest magnetic moment of the nanospheres, as
illustrated in Figure S5. As it is shown in the picture, the three materials in
glass vessels were placed in a same site under a permanent magnet.
Nanorods and nanobead chains particles were drawn up by the magnet, but
the nanospheres particles stayed at the bottom of the vessel.

Figure 2.6. Dark field images of nanospheres (a-c), nanorods (d-f),
nanobead chains(g-i) catalysts.
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The NiO phases on the surface of the three catalysts, detected by Raman and
XPS, did not give a clear signal in XRD and SAED analyses. According to
XRD patterns, it means that the oxide phase accounts for less than 5 wt%.
Thus, Nickel samples were passivated rather than oxidized. Also, the
diffraction peaks or patterns of Ni-P alloy phase for nanospheres catalysts
were not observed in XRD and SAED. This means that these NiO and Ni-P
phases are in an amorphous state or have a low thickness of several
angstroms to several nanometres maximum.[224]

The reasons for particles with different components and crystallinities being
obtained under different hydrogen pressures can be explained by the particle
growth mechanism, involving nucleation and aggregation processes. The
nucleation rate relates to the supersaturation of the solution — Lamer
mechanism.[244] The Ni©®-TOP mononuclear complexes, such as [Ni(TOP)4]
identified by Ely et al.,, should act as Ni-atom carriers, promoting the
transmission of Ni.[225, 245] Here, hydrogen as a reducing agent can elevate
the formation rate of mononuclear complexes thanks to a higher concentration
under a higher pressure.[246] Then, the kinetics of aggregation process is
promoted with this higher concentration of mononuclear species, inducing that
Ni atoms cannot be stabilized under thermodynamic condition. Thus, a
hydrogen-undirected controlled aggregation of the nuclei leads to less
crystallized particles under a higher pressure. And P is likely introduced into
the particles as a dopant during this rapid aggregation process.

2.3.4. Physical adsorption properties of the catalysts

N2 adsorption/desorption isotherms at -196 °C were measured to determine
the specific surface area of those prepared catalysts. The isotherms and
calculated BET surface areas are shown in Figure S6. The expected Type I
adsorption isotherm was obtained for all the samples, which indicates an
indefinite multi-layer formation after completion of the monolayer adsorption.
Type IV desorption isotherms were observed in nanosphere and nanorod
samples, which corresponds to the presence of capillaries (mesopores)
created by nanoparticles stacking. Since the length of nanobead chains are in
the scale of ym, macropores are more likely formed during the particles
stacking, which consequently gives a type Il desorption isotherm in this case.
The BET surface areas of nanospheres and nanorods are almost the same
values (12 m?/ g), and higher than the surface area of the nanobead chains
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(6 m2/ g). The hysteresis loops in the isotherms of the nanospheres and
nanorods indicated the slit holes in the samples formed by uniform particles
accumulation (inter-grain voids). The hysteresis loop for nanospheres sample
appears at lower relative pressure, which corresponds to the smaller slit pores
in the nanospheres compared to nanorods. This is due to the fact that
nanospheres are smaller in size than nanorods and therefore present smaller
slit pores between the individual particles.

2.3.5. Catalytic performance of the catalysts in glucose hydrogenation
reaction

After obtaining different shapes of Ni nanoparticles, we used them to catalyse
the reaction of glucose hydrogenation. The catalytic cycle can be simply
expressed as in Figure 2.7a. Briefly, hydrogen chemisorbed on the catalyst
surface, forms activated H adatoms. The substrate glucose adsorbs on the Ni
surface either via O (1), O (5), and O (6) of glucopyranose or oxygen lone pair
in the carbonyl group of glucose aldehydic form with n1(O) or n2 (C, O)
configurations (Figure 2.7b).[157, 161, 198] The H adatoms can behave as
nucleophiles and consequently do a substitution on the C (1) of glucopyranose
or an addition onto the carbon atom of the polarized C=0 bond of the glucose
open-chain form. The resulting alkoxides are then protonated and finally
sorbitol is produced after it desorbs from the metal surface.

a) N0 b) [Ni—Glucosc] .

Sorbitol H ‘,Ni )
2 oN O _Ni
Ni‘" -OH H H
v X WOH HO HO
[Ni—Glucosc] HO © OH OH
Y YOH HO HO
OH “1QH *10H
Glucose H
l OH OH
/Ni6+
H

Figure 2.7. a) Catalytic cycle of glucose hydrogenation to sorbitol on Ni; b)
Adsorption structures of glucose on Ni [157, 161, 198].

Figure 2.8 shows the evolution trend of glucose conversion with time over the
three catalysts, including the results at different reaction temperatures. The
experiments at 140 °C were repeated once and the average standard error for
glucose conversion is 1.4% and the maximum standard error is 2.0%. The
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Figure 2.8. Evolution of glucose conversion over time at 140 °C (green), 150
°C (red) and 160 °C (black) over nanospheres (left), nanorods (middle) and
nanobead chains catalysts (right) under 30 bar of hydrogen (Error on
conversion < 2.1%).

other kinetic curves at the temperature of 150 and 160 °C were only carried
out once but we consider an error < 2.1 %. In order to eliminate any decrease
in reaction rate due to mass transfer during the reaction, the conversion of the
reaction was controlled below 30%. It can be seen that the conversion of
glucose increases with increased reaction temperature for the same reaction
time, regardless of the type of catalysts used. The conversion of glucose over
nanospheres catalysts was the highest at any temperature in the range from
140 to 160 °C, followed by nanobead chains and finally the nanorod catalysts.
Similarly, the sorbitol productivity at a same glucose conversion was
calculated, and nanospheres catalyst exhibited the highest value compared to
other two catalysts at all three temperatures, as can be seen in Table 2.3.

The tendencies for the curves of glucose conversions vs time are consistent
with the previously reported first-order reaction.[164, 165] Therefore, the
reaction rate constants for the glucose hydrogenation reaction at different
reaction temperatures over different catalysts were obtained by plotting In (1-
X) versus reaction time through a linear fit to the equation below (equation 8),
where x represents the glucose conversion and k represents reaction rate
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Table 2.3 Sorbitol productivities under different reaction conditions.

Temp Catalyst Glucose Catalyst Time Sorbito Productivi
eratu conversi content/ /min 1/mg ty / kg.gcat
re/ on/% mg I min?

°C

140 Spheres 8 14 10 384 274.3
140 Rods 7 14 82 19.5 16.9
140 Bead chains 7 14 40 19.7 35.2
150 Spheres 14 14 20 45.7 163.22
150 Rods 13 14 62 24.6 28.32
150 Bead chains 13 14 20 216 77.12
160 Spheres 22 14 20 48.9 174.62
160 Rods 21 14 46 15.6 24.22
160 Bead chains 21 14 46 21.7 33.7

constant. The fitted curves are shown in Figure S7. According to the literature,
the apparent activation energy of glucose hydrogenation reaction can be
obtained by graphing the natural logarithm of the Arrhenius equation (equation
9), where A is the pre-exponential factor; E, is the activation energy; R is the
universal gas constant and T is the absolute temperature in Kelvins.[12, 247]

In(1 —x) = —kt Equation 8

Ink =1nA — If—; Equation 9

The apparent activation energies of glucose hydrogenation reactions over
nanosphere, nanorod, and nanobead chains catalysts were calculated as
22.45 kJ/mol, 89.01 kJ/mol, and 47.66 kJ/mol, respectively (Figure 2.9). Thus,
the apparent activation energies calculated for the glucose hydrogenation
reaction in the temperature range of 413 — 433 K were significantly different
for the three catalysts nanostructures. The nanosphere catalyst has the lowest
activation energy, which is in good agreement with that observed for highly
performant Ru/HYZ catalysts (32.9 kJ/mol)[248], Pt/SBA-15 catalysts(47
kJ/mol)[12], supported Ni (67 kJ/mol) catalysts[116], and Raney nickel
catalysts (6-44 kJ/mol)[148]. The lowest catalytic performance with the highest
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activation energy was obtained for the nanorods, and the activity of the
nanobeads was intermediate between nanospheres and nanorods catalysts.
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Figure 2.9. Arrhenius plots for determination of the apparent activation
energy Ea of glucose hydrogenation over nanospheres (blue), nanorods
(red) and nanobead chains (black) from 413 to 443 K under 30 bar of
hydrogen.

In the glucose hydrogenation reaction, due to the high temperature of the
aqueous solution, other side reactions usually occur, such as isomerization of
glucose to fructose or mannose, and further formation of other by-products,
like mannitol from the hydrogenation of those isomers, which was illustrated
in Scheme S1. Therefore, the sorbitol selectivity is also an important criterion
to evaluate the catalyst performance. The trends of sorbitol selectivity with
glucose conversion over the three catalysts at different temperatures are
compared in Figure 2.10. A selectivity increase with glucose conversion was
observed in all cases except nanospheres and nanorods at 140°C. Glucose
isomerization to fructose or mannose more easily reach their equilibrium
compared to glucose hydrogenation to sorbitol in the initial stage of the
reaction. Thus, more sorbitol was produced with longer reaction time along
with a relative constant production of fructose / mannose, which leads to the
increased of selectivity of sorbitol with the time. As side-reactions mentioned
above are promoted along with the increase of temperature, consequently
more fructose and mannitol are produced at higher temperature. Thus, higher

sorbitol selectivity was obtained at lower reaction temperature in all three
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Figure 2.10. Plots of sorbitol selectivity versus glucose conversion during
glucose hydrogenation reaction over Ni hanospheres (left), Ni nanorods
(middle), and Ni nanobead chains (right) at 140 °C (green), 150 °C (red) and
160 °C (black).
catalysts conditions. At a reaction temperature of 140 °C, the sorbitol
selectivity remained essentially at 100% for 1h when using the nanospheres
catalysts, while it was only about 55% for the nanorods catalysts and 70% for
the nanobead chains catalysts. There is an increasing trend of the selectivity
with glucose conversion at temperatures of 150 and 160 °C, which is due to
the fact that the glucose isomerization reaction reaches an equilibrium at the
beginning, producing a relatively stable amount of fructose. Regardless of the
temperature conditions, the nanospheres catalyst exhibited the highest
sorbitol selectivity, compared to the other nanorods and nanobead chains
catalysts. The carbon balances (Cb) were calculated by equation 7. At the
reaction temperature of 140 °C, all the C» values were 100% with the three
catalysts over the whole time range. At 150 °C, there is only 1% difference of
the Cp values among three catalysts with time and all those Cp are above 98%.
By opposition, all the C» decreased from 100% to around 91% when the
reactions were carried out at 160 °C (Figure 2.11), and the rest are unknown
by-products possibly coming from glucose hydrolysis or dehydration reactions.
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Figure 2.11 Real-time carbon balance monitoring during glucose
hydrogenation reaction over nanospheres (blue), nanorods (red) and
nanobead chains (green) catalysts at 160 °C, 30 bar H2, 1700 rpm and 360
min.

Nanospheres catalyst not only has highest catalytic activity, but also a definite
advantage of highest sorbitol selectivity. The possible reasons for the best
catalytic performance observed with Ni nanospheres catalyst will be
discussed now.

First, regarding the morphologies of nanospheres, nanorods and nanobead
chains observed by SEM and TEM, surface crystalline facets distributions
should vary among particles with different morphologies if they are
monocrystalline.[69, 84, 249] However, polycrystalline structures were
detected, especially in nanospheres and nanobead chains catalysts, which
makes the surface facet enrichment indeterminable. While nanorods catalyst
appear with a continuous crystalline structure - fcc Ni (111) in the external
layers, it shows the lowest catalytic activity compared to nanosphere and
nanobead chains catalysts, implying that the particles with polycrystalline
nature are more active. In addition to the polycrystalline nature, amorphous Ni
structures are coexisting in both nanosphere and nanobead chains catalysts.
It has been studied that amorphous composition of the catalysts with abundant
defects and coordination-unsaturated sites on the metal surface can
potentially lead to higher catalytic performance than crystalline
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counterparts.[250-252] Therefore, the nanospheres with lowest crystallinity
(highest content of amorphous nickel) has the best reactivity, followed by the
nanobead chains and finally nanorods.

Although both nanospheres and nanobead chains contain amorphous
fractions in their structures, the catalytic activity of spheres is significantly
superior to that of nanobead chains, which should be mainly due to P doping.
As charge-transfer process is commonly occurring at the interface of a hybrid
catalyst, this P dopant in the nanospheres catalysts can induce the electron
transfer from Ni atom to P atom at the heterointerface of Ni-P phase, leading
to positively charged Ni atoms, which has been demonstrated by density
functional theory (DFT) calculations.[253] This can probably facilitate the
glucose adsorption step with n1(O) or n2 (C, O) configurations. An hydrogen
uptake rate was enhanced as well with P doping according to the reported Ni-
P alloy catalyst study, from which the order of hydrogen uptake rate per gram
Ni is Raney Ni-P > Raney Ni.[179] Furthermore, the doping P atoms can
separate the surface Ni atoms and potentially create more amorphous
structure. Therefore, P dopant in nanosphere catalyst has a contribution to its
catalytic activity both in tuning the electron distribution among adjacent atoms
and crystallinity of the material.

Besides, the organic capping agents not being detected by IR and Raman can
be largely ignored for their effect on catalytic activity. The effect of surface
chemical state of Ni could be excluded as well because the contents in metallic
Ni on the surface of these three catalysts are similar, and NiO overlayer would
be reduced in situ during the first stages of the reaction under hydrogen
pressure. Moreover, similar specific areas and nonporous textures were
measured for three catalysts, thus external and internal diffusion of the
substrates during the reaction should show no difference among those three
samples. Also, the difference in catalytic performance should not be due to a
mere particle size effect, because the nanobead chains are much larger and
thus display the lowest specific surface area than the nanorods in size, but
have a higher catalytic activity than nanorods. Overall, amorphous structure
and P dopant make Ni nanospheres an outstanding catalyst that outperforms
Ni nanobead chains and nanorods.
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2.4. Conclusions

Three different morphologies of Ni nanoparticles, namely nanospheres,
nanorods, nanobead chains, were successfully prepared for investigating
comparatively their catalytic performance in the glucose hydrogenation
reaction. By altering the hydrogen pressure during the synthesis, Ni
nanospheres and Ni nanobead chains nanoparticles with different
compositions and crystallinities were obtained, together with a temperature of
180 °C which was demonstrated to be a necessary condition for forming
magnetic Ni nanoparticles. Magnetism was taken as a criteria to identify
formation of metallic Ni nanoparticles. Decent washing steps were applied to
remove the reactants after the synthesis, and as a consequence, HDA and
TOP were not detected in the IR and Raman spectra of the final particles. NiO
phase was probed by Raman spectra for Ni nanorods and Ni nanobead chains,
but it was invisible in XRD pattern and SAED images, attributed to its
amorphous structure and thin layers with less than 5 wt % contents. XPS and
ICP test indicated the presence of a Ni-P component in Ni nanospheres
catalysts, and this component was again not observed by XRD and SAED,
suggesting its amorphous structure. These differences in crystallinity and
composition ultimately led to significant differences in the catalytic
performance of the three catalysts. Thus, activation energies of 22 kJ/mol, 89
kJ/mol, and 48 kJ/mol were attained for the glucose hydrogenation reaction
catalysed with Ni nanospheres, Ni nanorods and Ni nanobead chains
catalysts, respectively. In addition to the best catalytic activity obtained with
Ni nanospheres, the highest selectivity in sorbitol was also achieved with Ni
nanospheres, which is around 100% at a typical reaction temperature of 140
°C. Thus, amorphous P-doped Ni nanospheres has not only superior catalytic
activity but also excellent product selectivity contrasting with Ni nanorods and
nanobead chains.

Here, bare Ni nanoparticles have been chosen to investigate the effect of P-
dopant and crystallinity on the activity of Ni catalysts. Although the designed
Ni nanospheres catalyst exhibits a superior catalytic performance, this pure
metal catalyst still has an issue of dispersion presenting a low specific surface
area, which potentially limits the usage of the active phases. Thus, in the next
chapter we will introduce a support to better disperse the Ni particles, which
makes the catalysts more viable in industry..
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3. The effect of Ni particle size and carbon support on
catalytic activity for glucose hydrogenation reaction

3.1. Introduction

Sorbitol as a sweetener, moisturizer, texturizer and softener is largely used in
the food industry, for medical applications as well as cosmetics. Its global
market size was valued at USD 1244.5 million in 2018 and is predicted to rise
to 1928.3 million by the end of 2026, showing a compound annual growth rate
(CAGR) of 5.54% in the forecast period 2019-2026.[254] Sorbitol is produced
mostly by glucose catalytic hydrogenation. Metal catalysts applied in the
process have been investigated among Ni, Pt, Co, Ru metals and their
multicomponent structures with promoters like P, B, Al, Fe.[12, 13, 23, 171,
173, 177-180, 184, 192-195, 202, 255] Among these catalysts, Raney type Ni
was the first to be applied as early as in 1912.[172] For Raney nickel catalysts,
a large amount of metal leaching during the reaction is an inevitable issue. It
can be diminished by reducing the amount of Ni used and stabilizing small
metal particles by supports like SiO2, C, zeolite.[180, 184] On the contrary,
noble metals do not have this leaching problem and usually possess absolute
advantages in their catalytic activity compared to base metals. For example,
the conversion of glucose and selectivity to sorbitol with a Ru catalyst
presenting a 0.6 wt% metal loading were comparable to a Ni catalyst with a
66.78 wt% metal loading and no leaching was detected after 1155 h time in a
continuous process.[181] Besides Ru catalysts, other noble metals like Pt also
have a higher activity than Ni catalysts but not as good as Ru catalyst.[194]
Ruthenium and Nickel catalysts are both used to produce sorbitol from
glucose solutions in the industry right now. In comparing further these two
catalysts, an obvious cost issue arises, as Ru metal is more expensive than
Ni metal by a factor 711.[208] For this reason, there has been a demand for
the modification of low-cost Ni catalysts to enhance their catalytic performance
as potential alternatives of Ru catalysts.

The modification of supported metal catalysts can be achieved by altering the
support and tuning the morphology of the metal particles such as size and
shape.[34, 46, 256, 257] Due to the fact that electronic structures of metal
particles change along with the size ranges (nanopatrticles, cluster, single
atom), extensive research has been done by many authors focusing on the
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size effect among single atoms, clusters and small nanoparticles. For example,
the turnover frequencies for CO oxidation per surface gold atom of Au
catalysts supported on TiO2, a-Fez203, and Cos04 were found independent of
the supports used but increase sharply with a decrease in diameter of gold
particles below 4 nm.[258] And Pd particles supported by carbon black with a
size centred on 7 nm present an optimal activity in the glucose oxidation
reaction.[18] It was also demonstrated that most active Pd/h-BN catalysts
must have a particle size distribution between 3-15 nm for lactose
oxidation[259]. Charge transfer between the metal particle and support was
demonstrated to account for the size effect in the case of a well-defined
platinum/ceria catalyst by combing synchrotron radiation photoelectron
spectroscopy, scanning tunnelling microscopy and density functional
calculations, and Pt with a size around 1-1.5 nm was calculated to have a
maximum charge transfer.[56] Thus, most of the size effects were found in
nanoparticles smaller than 10 nm, and the catalytic properties remain
unchanged as the nanoparticles increase in size.[53]. However, this size effect
varies with the reaction considered as well as with the used metal itself.
Therefore, it is meaningful to investigate the size effect of Ni nanoparticles
larger than 10 nm in glucose hydrogenation. These can be even considered
as model structures for local domains in Raney Ni.

Here, we prepared carbon black (CB) and graphene nanoplatelets (GNP)
supported Ni catalysts (Ni/CB and Ni/GNP) by sol-gel method, and Ni particles
with different sizes were obtained by controlling the temperature during the
synthesis. In situ XRD was applied to probe the growth of Ni particles and ex
situ XRD was used to analyse the catalysts obtained after each synthesis. The
obtained catalysts were used to catalyse the glucose hydrogenation reaction
in the liquid phase under high pressure. The conversion of glucose, the yield
of sorbitol and other by-products were analysed to reveal the relation between
the Ni particle size (over 10 nm) on CB and GNP support and their catalytic
performance. Nz sorption isotherms, XPS, TGA, ICP-OES and Hz-TPD were
also applied for a comprehensive analysis of catalysts properties.
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3.2. Experimental

3.2.1. Chemicals and materials

Nickel (Il) nitrate hexahydrate [Ni (NO3)2-6H20, 99.999%, Sigma-Aldrich],
carbon black [received as 250G type from IMERYS GRAPHITE & CARBON],
graphene nanoplatelets (M15, Sigma-Aldrich), citric acid [CeHsO7, 99.5%, Alfa
Aesar], and ethanol [C2HsOH, 100%, Merck] were used as received.

3.2.2. Catalysts preparation
3.2.2.1. Synthesis of Ni nanopatrticles supported on carbon black (Ni/CB):

Pechini-type sol-gel method was used for the preparation of supported
catalysts.[260] Typically, 400 mg of CB, 1.6 g of citric acid, 1.7 mmol of
the Ni (NOs3)2:6H20 salt (495.2 mg of Ni (NO3)2-6H20) and a stirring bar
were introduced into a round-bottom flask, respectively. After 16 mL of
ethanol was added, the mixture was stirred for 10 min, then sonicated
for another 20 min at the power level of 4 (VWR ultrasound cleaner USC
1200-THD). Then, the suspension was heated at 90 °C for 3 h under
reflux. Afterwards, the suspension was transferred into a 33 mL ceramic
boat and dried under vacuum at 30 oC until a gel formed. Then, the gel was
introduced in a tubular furnace and heated to 300 oC for 2 h under Ar/H2
atmosphere. The recovered powder was labelled as CB-300, which was
treated as a seed for further particles growth through heat treatment. To do
so, CB-300 was reintroduced into the tubular furnace and heated to a set
temperature for 1h under Ar/Hz atmosphere. Afterwards, the final catalyst
was obtained and named according to the temperature of heat treatment
(CB-xxx). In that way, CB-400, CB-500, CB-550, CB-600 and CB-650
catalysts were prepared at 400, 500, 550, 600 and 650 °C, respectively.
Those catalysts were used without further precautions.

3.2.2.2. Synthesis of Ni nanopatrticles supported by GNP

Ni nanoparticle supported by GNP catalysts were prepared following the same
procedure as mentioned above by replacement of the carbon support.
Consequently, GNP-350, GNP-450, GNP-550 and GNP-650 were obtained
through the heat treatment of GNP-300 at 350, 450, 550 and 650 °C.
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3.2.3. Hydrogenation of D-glucose

Hydrogenation experiments were performed in a stainless-steel high-pressure
reactor (Parr autoclave) under the given conditions, typically, 140 °C at 30 bar
H2 using a stirring rate of 1700 rpm (which was sufficient to eliminate external
mass-transport limitations) using 0.5 g of glucose and 60 mg of catalyst in 100
mL Milli-Q water. In brief, 60 mg of catalyst was added to the aqueous glucose
solution, then the reactor was purged with N2 for 5 min to remove air. The
reaction mixture was subsequently heated to 140 °C under N2, then the
autoclave was filled to a constant Hz pressure (30 bar) and the reaction started.
When the experiment ended, the filtrate of the reaction slurry was analysed
by HPLC. HPLC analysis was performed on a Waters system equipped with
arefractive index 2414 detector. An HPX-87C carbohydrate column was used,
with ultrapure water as mobile phase at a flow rate of 0.5 cm?3 min-1, a column
temperature of 358 K and 25 ul of injected volume. Standard alpha-D (+)-
glucose (CeH1206, = 99%, Acros), D-(-)-fructose (CsH1206, = 99%, Sigma), D-
(+)-mannose (CeH1206, = 99%, Sigma), D-mannitol (CeH140s6, = 98%, Sigma-
aldrich) and D-sorbitol (CeH140s, = 99.5%, Sigma) were first analysed by
HPLC to determine their retention times separately, which were used as
references to identify the products of glucose hydrogenation. The glucose
conversion, sorbitol selectivity, and product percentage yield were calculated
according to equations 3-5 listed in chapter 2:

3.3. Results and Discussion

3.3.1. Characterization of Ni/CB catalysts.

During the synthesis of our starting carbon-supported Ni catalyst, a gel is
formed after the ethanol was evaporated for 2 h under vacuum, which allows
a nice distribution of the metal precursors. Thanks to coalescence and
Ostwald ripening, it allows us to control the Ni particle size simply by altering
subsequent heat treatment temperature and duration under reductive
atmosphere.[18, 121, 261-264] Ni nanopatrticle growth with temperature was
monitored by in situ p-XRD, diffraction patterns of which are shown in Figure
3.1a. The starting CB-300 gave an almost flat curve at the bottom of the
diffraction patterns, which is due to the Ni grain size being less than 5 nm as
well possibly as the amorphous texture of remaining reagents.[265] When the
temperature increased to 350 °C, a diffraction hump at 26 = 44° becomes
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visible, which corresponds to the diffraction by Ni face centered cubic (fcc)
(111) planes (JCPDS-ICDD card No0.40-0850). As the temperature continued
to rise, this hump became sharper and sharper and a diffraction peak at 26 =
51°assigned to the (200) crystal plane of fcc nickel, appeared. This latter turns
to be more visible after the temperature reached 450°C. Since the grain
increased with the temperature increment, the full width at half maximum
(FWHM) decreased, inducing a shaper peak after a higher temperature
treatment. Due to the thermal expansion of the crystalline unit cells, the
diffraction peaks shifted to the left as the temperature increased. Once the
final sample was cooled down to 35°C (yellow curve on the top in Figure 3.1a),
the peaks restored to their original positions. Based on the diffraction patterns
collected at different temperatures, we calculated the grain sizes of Ni
particles from the FWHMSs of (111) diffraction peaks using Scherrer equation,
and the results are illustrated in Figure S8. The Ni grain grows from ~3.78 nm
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Figure 3.1. a) In situ XRD patterns of CB-300 recorded every 50 °C from
300 °C to 700 °C. b) ex situ XRD patterns of prepared Ni nanoparticles
supported by CB at the corresponding temperatures of heat treatment

marked in the names of the samples. The XRD pattern of pure CB is shown
at the bottom as a blank reference.
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at 300 °C to ~13.37 nm at 700 °C, and in the temperature ranges of 300-450
°C and 600-700 °C, the grain sizes changed the least. Given this result,
temperatures at 400, 500, 550, 600 and 650 °C were chosen to prepare the
diverse sizes of Ni nanoparticles supported on CB. The XRD patterns of
obtained catalysts are shown in Figure 3.1b. The XRD pattern of pure CB
support (black curve) is given as a reference. One main broad peak at 26 =
25.4° attributed to the (002) plane of graphite (JCPDS-ICDD card N0.41-1487)
is visible for the support. This broad peak reveals the disordered graphitic
nature of CB. For the catalysts, the peak at 26 = 44.7° attributable to the Ni
fcc (111) plane started appearing in CB-400 and grow with the temperature
increase, and the same happened with the peak at 26 = 51.9°. The Ni grain
sizes of all the prepared catalysts were also calculated with the Scherrer
equation based on FWHMs of the Ni (111) diffraction peaks and the results
are displayed in Table 3.1. It was observed that the grain size exhibits a
distinct variation in different catalysts, with a size growth with temperature,
except for CB-550, CB-600 and CB-650, which is consistent with the above in
situ XRD outcome. Smaller sizes were obtained in the in situ XRD
experiments than with ex situ XRD, due to the heat duration in the former that
is shorter than the latter (1 h) where it allows the particles to grow more with
time.

The particles morphology identified by TEM imaging and the related statistics
histograms are illustrated in Figure 3.2 & 3. Diverse Ni nanoparticles profiles
were obtained along with different synthesis temperature conditions. The Ni
particles synthesized at a temperature of 400 °C display more homogeneous
size range than others, and as the temperature increased, more and more
particles with larger sizes appeared. To further illustrate the size distribution
in the different samples, 100 particles in the TEM images of each sample were
selected for statistical analysis, and the resulting histograms are shown next
to the TEM images of each sample (Figure 3.2 & 3). Statistical values of
average particle sizes are displayed in Table 3.1. For the CB-400 catalyst, its
average size is around 6.86 nm, and when the synthesis temperature
increases, the size of the obtained particles increases accordingly, which is
consistent with the XRD results. At the same time, higher temperature induces
larger variation of particle size distributions, which standard deviation
increases from 1.25 nm at 400 °C to 11.6 nm at 650 °C. Besides, regardless
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Figure 3.2. TEM images of CB-400 (a, b), CB-500 (c, d), CB-550 (e, f)
samples. The corresponding statistical histograms of particle sizes are shown
at the right of each two images and the average diameter (D) is written in the
histograms.

of the temperature condition, there are always Ni particles around 7 nm
present in all the samples, which is due to the fact that Ni particles were
prepared by heat treatment of identical starting CB-300 material and that the
heat-treatment was not prolonged.

The Ni metal loading of CB-series catalysts was analysed using ICP-OES and
the results are also shown in Table 3.1. For CB-300 sample, the loading of Ni
is 11.8 wt%, while Ni loading increased with the synthesis temperature, at 400,
500 and 550 °C, and it is independent of the temperature increase after 550
°C. The lowest Ni loading for CB-300 is due to the incomplete decomposition
and reduction of the reactants, which can be further reduced at high
temperature, inducing a higher Ni loading for the next samples that have been
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Figure 3.3. TEM images of CB-600 (g, h) and CB-650 (i, j) samples. The
corresponding statistical histograms of particle sizes are shown at the right of
each two images and the average diameter (D) is written in the histograms.

Table 3.1 Nickel particle sizes in Ni/CB catalysts calculated from XRD
patterns and TEM images; Ni weight percentages in the prepared catalysts

determined by ICP-OES.

Size /nm
Entry Ni wt%
XRD TEM
CB-300 4.9 - 11.8
CB-400 8.3 6.86 £ 1.25 16.54
CB-500 134 12.64 £ 3.8 18.28
CB-550 19.1 17.11+£6.74 20.7
CB-600 211 21.96 £ 9.37 21.18
CB-650 20.4 23.48+11.6 19.27

further heated. The similar Ni loading for CB-550, CB-600 and CB-650
suggests that all the reactants were well decomposed leaving only Ni particles

and CB support in the samples from a reduction temperature of 550°C. This
result can also be demonstrated by TGA analysis (Figure 3.4). 28.5% of
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Figure 3.4. TGA curves of CB-300 (black), CB-400 (red), CB-500 (blue), CB-
550 (pink), CB-600 (green) and CB-650 (dark blue) recorded under N:
atmosphere from 25 to 900 °C with a heat rate of 10 °C / min.

weight lost in CB-300 when it was heated until 450 °C is observed, implying
the gel texture formed by citric acid and metal precursor were remaining in
CB-300 sample. There is less than 3.4 % of weight loss for other samples
before 450 °C, and after 450 °C the trend of the curves is almost the same.

XPS analysis was applied to determine the surface chemical composition and
metal oxidation states within the catalysts. Figure 3.5 illustrates the high
resolution XPS Ni 2p 32 spectra of those obtained catalysts. The peak with
binding energy around 853 eV is ascribed to metallic Ni (Ni°). The peaks (red
components) around 855 eV are assigned to oxidized Ni (Ni®), along with
satellite peaks (blue components).[243] In the CB-300 sample, there is no
metallic Ni present, while in the CB-550, more than half of the Ni state detected
is Ni°. The binding energy and contents of Ni® and Ni®* as well as elemental
analysis result of the Ni/C ratio are listed in Table 3.2. A similar Ni/C mass
ratio was present on the surface of CB-400, CB-500, CB-550, CB-600 and
CB-650 catalyst, as determined by XPS. For CB-300 catalyst, it has a Ni/C
mass ratio of 6.17%, higher than other catalysts, which means that CB-300
contains the highest amount of Ni. But by analysing by ICP, a lowest Ni weight
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Table 3.2 Binding energy and contents of Ni% Ni®* in Ni 2p3/2 level; atomic
ratios of Ni and carbon obtained by XPS and corresponding calculated
weight ratios.

Ni° N3+ Ni/C
Catalyst
B.E. (eV) at.% B.E. (eV) at.% at.% wt%
CB-300 - 0 857.5 100 1.26 6.17
CB-400 852.6 30.9 855.3 69.1 0.63 3.08
CB-500 852.5 115 854.9 88.5 0.73 3.57
CB-550 852.8 60.8 856.3 39.2 0.67 3.26
CB-600 852.6 41.2 854.8 58.8 0.56 2.76
CB-650 852.6 13.8 854.9 86.2 0.47 2.32
1300 1500
% 1200] CB-300 N2, | B 400] CB-400 Ni2p,,
‘E 1100 £ 1300]
8 10004 § 1200
2 9001 51100
5. 200] £ 1000
£ T £ w0
870 860 850 865 860 855 850
BE_Ni 2p 1600 Binding energy (eV)
é 1?22 CB-500 Ni2p, £ 1500] CB-550 Ni2p,,
§ 1600 € 1400
£ 15004 §1300_
2 1400 £ 1200
5 1300 § 1100]
£ 1200] . . . . = . . . i
865 860 855 850 865 860 855 850
oo Binding energy (eV) Binding energy (eV)
& 12501 CB-600 Nizp,, | & 15001 cB-650 Ni2p
» 1200 © 1400
£ 1150] <
§ 11001 g 1300
> 1000; E
2 950 2 11004
£ 900 £ 1000]
< 850 ‘ : : : = , . y ,
865 860 855 850 870 865 860 855 850

Binding Energy (eV) Binding energy (eV)

Figure 3.5. Fitted Ni 2p 32 XPS spectra of CB-300, CB-400, CB-500, CB-550,
CB-600, CB-650 catalysts. Ni (°) = pink component, Ni®* =red component, Ni
sat. = blue component.

percentage was detected in CB-300. As demonstrated before, there are
remaining unreduced reactants in CB-300, which makes Ni dispersed more
homogenously than the well reduced Ni particles anchored on the surface of
the support after higher temperatures treatments. Thus, the Ni/C ratio of CB-
300 (6.17%) is closer to both the initial value - 10% and the ratio evaluated by
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ICP (11.8%), compared to other samples. And it should be noted that during
the synthesis of CB-300, the initial Ni/C ratio engaged in the sol-gel synthesis
is calculated to be around 10%. Once the Ni is well reduced and formed
particles with a size larger than 5 nm, not all Ni can be analysed anymore due
to the limitation of the XPS detection depth. In addition to the adsorption of
carbon on the surface of Ni particles, it leads to lower Ni/C ratios in CB-400 to
CB-650 samples compared to CB-300.

3.3.2. N2 physical adsorption properties and H, TPD analysis of CB-500,
CB-550 and CB-650.

The textural properties of CB-500, CB-550 and CB-650 were studied through
adsorption/desorption isotherms of N2 at -196 °C and the results are shown in
Figure S9. According to the IUPAC classification [266], Type Il isotherms were
identified for all the samples, which shows a nonporous or macroporous
texture of all the catalysts. The BET surface areas of CB-500, CB-550 and
CB-650 are 67, 89, 72 m2/g, respectively, which is similar to the pure CB
support (68 m?/g). All the BET constant (C) values are around 130, and
thedifference in surface area values could be due to the experimental errors
induced by the weight of samples or by variations in analysis temperature that
may be caused by evaporation of liquid N2. As the catalysts are nonporous
and the Ni particles are anchored on the external surface of the support, active
sites remain fully accessible to reactants.

Figure 3.6 displays H2 — TPD profiles of CB, CB-500, CB-550 and CB-650
catalysts that were recorded to estimate the hydrogen uptake and type of
adsorption in each case, and as shown before, each catalyst has a Ni loading
of 19.4 + 1.3%. First the samples were reduced and then maintained under Hz
atmosphere until the samples reached the room temperature. After that, Ar
was purged to remove the physically-adsorbed Hz. Then Hz desorption profiles
were recorded by heating the sample in the temperature range of 50 — 800 °C.
The experimental details are described in the characterization methods part.
The Hz- TPD Three major H2 desorption peaks are present within the test
temperature range of 50 — 800 °C and no peak arises in blank CB. A very low
temperature desorption peak | observed at around 100°C could be assigned
to the weak type C hydrogen bound to the metal surface in a pre-dissociative
form.[267] Another low-temperature peak Il at around 400°C is corresponding
to the desorption of the hydrogen atoms bound to the Ni surface in a-state (Ni-
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Figure 3.6. H2 TPD profiles of CB blank, CB-500, CB-550, and CB-650
catalysts.

H) indicating the exposed portion of Ni atoms.[268-272] The very high H2
desorption peak Il at above 500°C originated from strongly adsorbing Hz on
corners, edges and high index planes of Ni and spill over hydrogen.[267, 273]
The intensity of all the peaks vary with respect to the nature of the catalysts.
In all cases, the intensity of peaks in CB-550 was the highest, followed by CB-
650, then CB-500, which is related to the above results obtained with CB-550
for the highest specific surface area and high content of Ni°. The positions of
peak | for all three catalysts exhibit no difference, while the peak Il of CB-550
shifted slightly toward lower temperature compared to CB-400 and CB-650,
indicating that some weaker hydrogen adsorptions exist in CB-550 catalyst.
Besides, CB-550 catalyst possesses the highest hydrogen emission value at
any temperature compared to the other two, which implies the strongest H2
adsorption capacity in this sample.

3.3.3. Catalytic performance of CB-400, CB-500, CB-550, CB-600 and CB-
650 catalysts

The catalytic performance of Ni supported by CB catalysts with different
morphologies were evaluated in glucose hydrogenation reaction. Since the
glucose hydrogenation reaction was carried out in aqueous solution at high
temperature and hydrogen pressure, by-products can easily be produced,
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through for example the isomerization reaction of glucose under water-
catalyzed conditions forming mannose and fructose,[274] and their reduction

product — mannitol, as well as other hydrous thermolysis and dehydration
products (Scheme S1).[116] Therefore, it is necessary to study the yields of
by-products to better understand the product selectivity. Fructose, mannose,
and mannitol are main by-products analysed here for yield comparison with
sorbitol. The conversion of glucose and yields of products are shown in Figure
3.7. It is clearly seen that there is a trend of increasing and then decreasing
conversion of glucose going from CB-400 to CB-650 catalyst, and the glucose
conversion has a maximum value over CB-550 catalyst, which is 33.1 % after
2 h reaction, while the yield of sorbitol has a similar pattern (grey portions).
For fructose, the yield has an opposite trend to that of sorbitol, decreasing first
and then increasing when the catalyst applied is varied from CB-500 to CB-
650. The yield of mannitol (hydrogenation product of fructose) was related to
fructose, and when the content of fructose was high, the content of mannitol
was also relatively high. The yield of mannose was around 0.8% for all applied
catalysts. Overall, there is a jump in glucose conversion as well as sorbitol
yield for the applied catalysts ranging from CB-500 to CB-550, then a large
drop from CB-600 to CB-650. In order to understand the reasons for the
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Figure 3.7. The conversion of glucose (blue plot) and yields of different

products (stack column) under hydrogenation conditions of 140 °C for 2 h
and 30 bars of hydrogen with catalysts prepared at various temperatures.
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different catalyst performance, first, we plotted the graph of glucose
conversion versus Ni average particle size in the different catalysts in Figure
3.8a. The glucose conversion increases with the increase of Ni particle size
and reaches a maximum at 17.1 £ 6.7 nm, and then it gradually decreases as
the size continues to increase. Furthermore, the variation curve of glucose
conversion versus metallic Ni content (from XPS) is illustrated in Figure 3.8b.
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Figure 3.8. Glucose conversion vs Ni particle size in the applied catalysts
(a) and metallic Ni content in the applied catalysts (b).

It shows that as the content of metallic Ni increases from one catalyst to
another, the glucose conversion increases accordingly, except for the CB-400
catalyst. This is probably because the CB-400 itself contains incompletely
reduced reactants that inhibit the metallic Ni for catalysing the reduction of
glucose. Thus, in addition to the size affecting the catalytic performance, the
content of metallic Ni was linearly correlated to the catalytic activity. Similarly,
by graphing sorbitol selectivity versus size as well as versus the content of
metallic Ni, a similar conclusion as the conversionwas reached, that is, the
sorbitol product selectivity shows a trend of increasing and then decreasing
with increasing size and has a maximum at 17.1 nm, and it increases with the
increase of metallic Ni content (Figure S10). In addition, sorbitol productivity
over CB-550 and CB-600 catalysts showed an absolute superiority compared
to other catalysts (Table 3.3). The higher Hz adsorption ability of CB-550
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catalyst highlighted by H2 — TPD analysis enhances the hydrogenation activity
compared to CB-650 and CB-500 catalysts, which has been testified by other
authors comparing Co-B and Ni-B catalysts where best performance resulted
from the strong hydrogen adsorption ability on the catalyst surface.[178]

Table 3.3 Sorbitol productivities with different catalysts calculated by
equation 6. Reaction condition: 60 mg of catalysts, 0.5 g of glucose, 140 °C,
30 bar of hydrogen, 2 h.

Glucose Sorbitol /  Productivity /

Catalyst conversion K PRt

1% mg 0.9cat.min
CB-400 21.8 17.6 2.4
CB-500 22.7 24.9 35
CB-550 33.1 104.5 14.5
CB-600 32.1 103.9 14.4
CB-650 25.8 57.6 8

3.3.4. Catalytic performance of GNP-450, GNP-550, and GNP-650.

The synthesis method of Ni/CB catalysts was applied for the preparation of
graphene nanoplatelets catalysts, named GNP-450, GNP-550 and GNP-650
as function of the heat-treatment applied. The p-XRD patterns of prepared
catalysts as well as of the pure GNP support are shown in Figure S11. The
diffraction peaks assigned to Ni (111) and Ni (200) at 26 = 44.5° and 51.8°
show a similar change as in the Ni/CB series catalysts, which corresponds to
the fact that the size of Ni particles increase with increasing reduction
temperature on the GNP carrier. Unlike CB support, GNP displays an intense
diffraction peak at 20 = 26.5°, which is corresponding to the characteristic
crystalline graphite (002) plane.[275] The grain size of Ni particles over GNP
support was also calculated using the Scherrer equation and the result is
shown in Table 3.4. The average grain sizes of GNP-450, GNP-550 and GNP-
650 were 7.47, 16.6 and 20.6 nm, respectively. TGA profiles of GNP series
catalysts (Figure S12) indicate that the GNP-450 catalyst possesses an
incompletely decomposed reactant mixture from the preparation process,
which is similar to the result with CB-400 catalyst. N> adsorption isotherms
(Type 1) of GNP-450, GNP-550 and GNP-650 samples (Figure S13) indicate
a mesoporous texture and the type H4 loops are associated with narrow slit
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Table 3.4 Grain sizes of Ni supported by GNP catalysts; Ni weight
percentage determined by ICP-OES and XPS elemental analysis; Binding
energy and contents of Ni°, Ni* in Ni 2pas2 level of GNP-450, GNP-550 and

GNP-650 catalyst determined by High-resolution Ni 2pz2 XPS spectrum;
BET specific surface area determined by N2 adsorption at 77K.

Grain ) )
] Ni wt% Ni° N3+ SBET
size
B.E. B.E. m2g-
nm ICP XPS a.t.% a.t.%
(eV) (eV) 1

GNP-450 7.47 16.15 3.29 852.78 329 85411 ©67.1 85*
GNP-550 16.6 17.34 355 85292 28.0 855.4 72 89%

GNP-650 20.6 1719 3.81 85284 139 85577 86.1 92#

#Those values are not fully reliable because of negative C-values.

pores.[266]. The BET specific areas exhibit similar values around 90 m2g-
1(Table 3.4). Bulk and surface Ni percentages in GNP catalysts were verified
using ICP-OES and XPS elemental analysis (Table 3.4), which testifies that
GNP-450, GNP-550 and GNP-650 catalysts have similar Ni contents. XPS
was also applied to analyse the metallic Ni contents on the surface of GNP
samples, the results are shown in Table 3.4. GNP-450 and GNP-550 have a
similar Ni° content, around 30%, and both are higher than in GNP-650, which
is similar to the result of CB series catalysts, where the catalyst prepared at
650° has less Ni® percentage than that heated only at 5500.

As with the CB series catalysts, the glucose hydrogenation reaction was used
to verify the catalytic performance of GNP-450, GNP-550 and GNP-650
catalysts. The glucose conversion after 2 h reaction over those three catalysts
is illustrated in Figure S14. The conversion shows the same pattern as before
with CB series catalysts, appearing to increase and then decrease as the
catalysts change from GNP-450 to GNP-650. The highest glucose conversion
was observed over GNP-550 with an average Ni grain size around 16.6 nm,
which is similar to the nanoparticle size of CB-550 catalysts. However, the
glucose conversion over GNP-550 catalyst (20.9%) is not as high as that over
CB-550 (33.1%), which may be due to the lower content of Ni® in GNP-550
catalyst or to the different interactions between Ni particles and CB/GNP
supports. This lower content of Ni° in GNP-550 can be further testified by the
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lower atomic Ni/O ratio (0.2581) by comparison with CB-550 catalyst (0.353)
calculated by XPS. In general, supported Ni catalysts prepared at 550°C with
an average size around 16 nm show the highest catalytic performance
regardless of whether CB or GNP supports were used, and catalysts obtained
with CB support has a higher catalytic performance than those using GNP
support. Similar results were observed in the CO2 methanation reaction over
Ni/YSZ catalysts. Ni particle size with 19 nm has a good performance due to
the high Ni° dispersion.[276] And Ni nanoparticles in the size range of 10-20
nm were also exhibiting the best catalytic performance for CO methanation
reaction compared to smaller (5-10 nm) and bigger (20-35 nm) particle range,
because carbon deposits easily onto small Ni particles and carbon nanofibers
can grow fast onto big particles.[277] Besides, small particles with more edges
and corners favour the adsorption of one reactant versus the other, resulting
in less reaction possibilities compared to medium size particles. For instance,
based on DFT calculations, stepped surfaces of Au particles with more edges
atoms were shown to be preferentially chemisorbed with substrates like CO,
O and 02.[48] By opposition, big particles certainly lose the active metal
surface (number of adsorption sites) compared to medium ones. Thus,
particles with a medium size can achieve highest activity, as exemplified also
with 7 nm nanopatrticles in glucose oxidation with a good compromise balance
of adsorption of the reactants [18]. Thus, metallic Ni contribution, stable
surface and optimal adsorption of reactants could lead here to the best
catalytic performance of Ni particles at 16.6 nm compared to other sizes
particles.

3.4. Conclusions

In situ XRD was used to study Ni particle growth on a Carbon Black (CB)
support with temperature, and it was found that the growth of particles is more
obvious in the temperature range of 450 to 550 °C compared to other
temperatures. Thus, CB-400, CB-500, CB-550, CB-600 and CB-650 catalysts
were chosen to be prepared at the corresponding temperatures, whose Ni
particle size were analysed to be 6.86 + 1.25, 12.64 + 3.8, 17.11 £ 6.74, 21.96
+9.37 and 23.48 + 11.6 nm respectively, by the statistical analysis of particles
in TEM images. TGA analysis indicated the presence of undecomposed
portion of reaction mixture in the CB-400 catalyst. The relative contents of Ni
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and C on the catalyst surface obtained by XPS analysis were all in the 2.32 —
3.04 range, while the content in metallic Ni varies considerably from catalyst
to catalyst, with CB-550 having the highest Ni° content of 60.8%, while this
value for CB-650 is only 13.8%. Hz desorption analysis highlighted that CB-
550 exhibits the highest hydrogen uptake and the weakest adsorbed hydrogen,
compared to CB-450 and CB-650. Furthermore, glucose hydrogenation
reaction with CB-550 catalyst was found to have the highest glucose
conversion (33.1%) and sorbitol selectivity (62.8%) within 2 h compared to
other catalysts. Combined with the Ni particle size analysis, it was found that
glucose conversion increases and then decreases with particle size increase
and the maximum is with CB-550 catalyst that displays a Ni particle size of
17.11 + 6.74 nm. Also, glucose conversion was found to be positively
correlated with metallic Ni content, and CB-550 owns again the highest
content of metallic Ni, which is one further reason for its high catalytic activity.
The same conclusion was reached by replacing CB support with GNP support:
GNP-550 has the best catalytic performance relative to GNP-450 and GNP-
650, but GNP-550 is not superior to CB-550 catalyst, highlighting a support
effect. Moreover, it is interesting to note that Ni on CB or GNP supports
appears to have less metallic Ni content at 650 °C than at 550 °C. The
preparation of Ni catalysts presenting different particle sizes by simple control
of the temperature of the synthesis conditions to alter their catalytic
performance was achieved in this work and size effect was demonstrated to
exist in nanoparticles larger than 10 nm.

Since Ni particles supported by GNP showed lower catalytic performance than
CB support, we will choose the CB as the catalyst support in the next chapter
to elaborate the composition effect of the Ni catalysts.
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4. Synergistic effects altering reaction pathways: the case of
glucose hydrogenation over Fe-Ni catalysts

4.1. Introduction

Sorbitol was identified by the U.S. Department of Energy as one of the 12
most important value-added chemicals obtainable from biomass. It can be
potentially used as a source of alkanes for liquid biofuels or as an “outstanding
building block” for commodity chemicals.[10, 159] Industrially, sorbitol is
produced either via biochemical methods, such as conventional fermentation
by Zymomonas mobilis [278] or by chemical routes such as catalytic
hydrogenation of glucose. Compared with fermentation processes, chemical
approaches can be potentially more easily fine-tuned and refined to give
higher production at lower costs. Notably, catalytic methods for obtaining
sorbitol have attracted substantial attention recently.

The reduction of glucose to sorbitol by hydrogenation was first reported by
Ipatieff and co-workers using a nickel catalyst at high temperature and
pressure.[165] Based on kinetic studies, the reaction was found to be first
order in glucose concentration and catalyst concentration, and half-order with
respect to hydrogen pressure when using Raney nickel.[279] Wisnlak et al.
also found that this reaction followed a similar pseudo-first-order course when
using different catalysts or supported catalysts, such as ruthenium or rhodium
supported by active carbon.[167] A challenging aspect of this hydrogenation
is that side reactions involving epimerization of the substrate can occur,
leading to lower yields or necessitating additional purification steps. While this
problem is largely avoided by the use of noble metal catalysts, their cost has
still largely limited their applicability for industrial processes. The less
expensive nickel has been reported to show minimal epimerization, but
generally has lower reactivity than Ru or Pt.[143] For this reason, increased
interest has been placed on the development of new catalytic systems for
improving the reactivity of base metals for the hydrogenation of glucose.

In the view of creating higher number of catalytic sites with same amount of
metal, nanoparticles, especially supported nanoparticles for glucose
hydrogenation, have been broadly studied recently.[11, 191, 280] For example,
the activity of SiO2 supported amorphous Ni-B catalysts was reported to be
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adjusted by calcination temperature[180]. Schimpf and co-workers confirmed
the necessity of complete reduction of precursors within Ni/SiOz catalyst to
optimize activity and selectivity.[11] Besides SiO2, other different supports like
MWNTs (multi-walled carbon nanotubes), Al2Os, or TiO2 were also applied to
investigate the catalytic activities in this reaction, because different metal-
support interactions could affect the activity and stability of metal
particles.[116, 281, 282] For example, the Ru/MWNTs material showed the
highest catalytic activity, compared with Raney Ni and ruthenium supported
on Al203 or SiO2.[187] Ni catalysts supported on carbon were found to leach
less compared with other Al2Os, TiO2 or SiOz supports.[116] Additionally,
carbon is robust at high pressure and temperature in aqueous solution. Thus,
carbon is an ideal material to support metals with desired catalyst activity and
stability for glucose hydrogenation.

Regarding to the metal, it is practical to find strategies to improve activity of
Ni-based catalysts as most commercial processes are still using Raney
nickel.[171] Raney nickel has been reported to be enhanced by promoters like
molybdenum, chromium, and iron.[158, 167, 283, 284] Among them, Fe is the
most electropositive metal and glucose hydrogenation reaction with Fe
promoted Raney- Nickel catalyst exhibits the highest initial rate.[173] So, Fe
as a promoter can maximally enhance the activity of Ni catalyst. Also, the
magnetic properties of Fe make it easy to separate from the products for
successive use when considering recycling. Since most of the previous works
on this bimetallic association were focusing on the activity enhancement by
an Fe promotor on Raney nickel,[158, 173] to the best of our knowledge,
supported Ni-Fe-based catalysts have never been reported in the
hydrogenation of glucose, let alone to investigate the reaction pathways. Thus,
Ni integrating Fe on carbon support catalysts is worth studying not only for
fundamental research but also for industrial applications.

With this aim in mind, we synthesized FexNiy alloy catalysts, using carbon
black (CB) as a support to study both their catalytic performance and the
function of Fe and Ni atoms during the hydrogenation reaction. Moreover, the
synergy and reaction pathway were also clarified. The catalytic transformation
of glucose to sorbitol in the aqueous phase can be described as schematized
in Figure 4.1. The open-chain glucose conformer, transformed from the
glucopyranose ring, is adsorbed on the FeNi alloy surface via the oxygen lone
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pairs. Then the polarization of the C = O bond favours nucleophilic addition of
hydrides (H adatoms) present on the metal surface, producing sorbitol.

S Aldose
conformer ’ &

Fe,Ni /CB catalyst

Figure 4.1. Aqueous-phase hydrogenation of glucose to sorbitol on the
surface of FexNiy alloy catalysts supported on carbon black.

4.2. Experimental

4.2.1. Catalysts preparation

Chemicals. Nickel (Il) nitrate hexahydrate [Ni(NO3)2-6H20, 99.999%, Sigma-
Aldrich], iron(lll) nitrate nonahydrate [Fe(NO3s)3-9H20, >98%, Sigma-Aldrich],
carbon black support [received as 250G type from IMERYS GRAPHITE &
CARBON], citric acid [CsHsO7, 99.5%, Alfa Aesar], and ethanol [C2HsOH,
100%, Merck] were used as received.

Synthesis of monometallic Fe/CB, Ni/CB catalysts. The synthesis of Fe or
Ni nanoparticles supported by carbon black was inspired by a Pechini-type
sol-gel method.[285] In a typical procedure, 100 mg of CB, 400 mg of citric
acid and 0.34-0.35 moles of the M(NO3)a-XH20 salt (99.1 mg of
Ni(NOs)2:6H20 or 144.7 mg of Fe(NOs)s:9H20) were added into a round-
bottom flask equipped with a stir bar. After, 6 mL of ethanol was added, and
the mixture was stirred and sonicated until a homogenous suspension was
obtained. Then, the suspension was heated at 90 °C for 3 h under reflux.
Afterwards, the suspension was transferred into a ceramic boat and dried
under vacuum at 30 °C until a gel formed. Finally, the gel was introduced in a
tubular furnace and heated to 750 °C for 2 h under Ar/Hz atmosphere. It should
be stated that this temperature is sufficient to reduce nickel and iron
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precursors in monometallic and alloy samples.[286-288] The recovered
magnetic powder was used as catalyst without further precautions.

Synthesis of FesNi/CB, FeNi/CB, FeNis/CB alloy catalysts. The alloy
catalysts were prepared following the same procedure as for the synthesis of
monometallic Fe/CB (Ni/CB) detailed above, but with simultaneous addition of
two metal salts in the following ratios: Briefly, 24.8 mg of Ni (NOz)2:6H20 and
108.5 mg of Fe (NOs)3-9H20 were used to obtain the FesNi/CB catalyst. 49.6
mg of Ni (NO3)2:6H20 and 72.3 mg of Fe (NOz)3-9H20 were used to obtain
FeNi/CB catalyst, and 74.3 mg of Ni (NO3):6H20 and 36.2 mg of
Fe(NOs3)3-9H20 were used to obtain the FeNis/CB catalyst.

4.2.2. Hydrogenation of D-glucose

Hydrogenation experiments were performed in a stainless-steel high pressure
reactor (Parr autoclave) under the given conditions, typically, 140 °C at 30 bar
H2 using a stirring rate of 1700 rpm (which was sufficient to eliminate external
mass-transport limitations) using 0.5 g of glucose and 60 mg of catalyst in 100
mL Milli-Q water. In brief, 60 mg of catalyst was added to the aqueous glucose
solution, then the reactor was purged with N2 for 5 min to remove air. The
reaction mixture was subsequently heated to 140 °C under N2, then the
autoclave was filled to a constant Hz pressure (30 bar) and the reaction started.
For the kinetic tests, samples were periodically withdrawn from the reaction
vessel to evaluate the evolution with time of both glucose conversion and
products yields. When single experiments ended, the filtrate of the reaction
slurry was analysed by HPLC. HPLC analysis was performed on a Waters
system equipped with a refractive index 2414 detector. An HPX-87C
carbohydrate column was used, with ultrapure water as mobile phase at a flow
rate of 0.5 cm3 min, a column temperature of 358K and 25 pl of injected
volume. Standard alpha-D(+)-glucose (CsH120s, = 99%, Acros), D-(-)-fructose
(CeH1206, = 99%, Sigma), D-(+)-mannose (CeHi120e, = 99%, Sigma), D-
mannitol (CsH140s, =2 98%, Sigma-aldrich) and D-sorbitol (CeH140s, = 99.5%,
Sigma) were first analysed by HPLC to determine their retention times
separately, which were used as references to identify the products of glucose
hydrogenation. The glucose conversion, sorbitol selectivity, product
percentage Yyield, sorbitol productivity, and carbon balance (C») were
calculated according to equations 3-7 listed in chapter 2.
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4.3. Results and Discussion

4.3.1. Characterization of FexNiy,/CB catalysts

Three bimetallic FexNiy catalysts supported on carbon black, with different
ratios between the two metals, were prepared. For comparison, monometallic
materials were also synthesized by the same method. P-XRD was applied to
determine the crystal phases in the synthesized nanocatalysts, and the
patterns of the FeNi/CB catalyst (pink line), Ni/CB, (blue line), Fe/CB (red line),
as well as pure CB (black curve) are shown in Figure 4.2. In each curve, one
main broad peak at 26 = 25.31° attributable to the (002) plane of graphite was
observed along with a small hump at 26 = 43.36° corresponding to the (100)
plane (JCPDS-ICDD Card No0.41-1487), which revealed the disordered
graphitic nature of CB. This graphitic carbon in CB lacking long-range order
and disorderly distributed potentially makes CB rich in defects, consequently
reducing the content of aromatic carbon, which may help to reach a better
dispersion of active phase when it is applied as support in catalytic aqueous
reactions. The peaks attributable to Fe, Ni, or FeNi phases were much
stronger and sharper than those of carbon black, indicating the high
crystallinity of the metal nanoparticles. As Fe-Ni catalysts were prepared at

FeNi,/CB

FeNi/ICB
Fe,Ni/CB
NI/CB

Fe/CB
CB (002)

100 20 30 40 50 60 70 B0
Two Theta (degree)

Figure 4.2. Powder X-ray diffraction patterns of CB, Fe/CB, Ni/CB,
FesNi/CB, FeNi/CB, FeNis/CB. Inserted imaged: the enlarged peaks around
20 = 44° of FesNi/CB, FeNi/CB, FeNis/CB samples.
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750 °C, all the nanoparticles were considered as y-Fe-Ni magnetic alloys ,
based on the reported ‘metastable’ phase diagram of Ni-Fe alloys.[289] The
peaks at 20 = 44.75° and 65.05° for Fe/CB corresponded to the (110) and
(200) planes of crystalline body centered cubic (bcc) iron structure,
respectively. The peaks at 20 values of 44.51°, 51.83°, 76.37° corresponded
to the (111), (200) and (220) crystal planes of crystalline face centered cubic
(fcc) nickel in the Ni/CB catalyst, respectively. For bimetallic FeNi/CB catalyst
with atomic ratio 1:1, the peaks at 26 = 43.79°, 51.01°, 75.05° corresponded
to the (111), (200) and (220) crystal planes of crystalline fcc FeNi alloy
(JCPDS 12-0736). Each crystalline peak in FeNi/CB has shifted to the left
compared to Ni/CB although they are both fcc phases, because the unit cell
parameters increased when the larger Fe atoms entered the fcc structure of
Ni. The XRD patterns of the two other Fe-Ni alloy catalysts supported on CB,
namely FesNi/CB and FeNis/CB, with atomic ratios of 3:1 and 1:3, with a total
metal loading unchanged around 16 wt% (theoretically), are also illustrated in
Figure 4.2. For FesNi/CB, the bcc and fcc phases coexisted in the alloy
particles. The peaks at 20 = 44.64°, 65.15° corresponded to the (110) and
(200) planes of crystalline bcc Fe-Ni alloy structure (JCPDS37-0474),
respectively. For FeNis/CB, the peaks at 20 values of 44.16°, 51.44°, 75.71°
corresponded to the (111), (200) and (220) crystal planes of crystalline fcc Fe-
Ni alloy structure (JCPDS38-0419), respectively.[290] The average size of
alloy nanoparticles that were calculated using the Debye—Scherrer formula
based on the full-width at half-maximum (FWHM) of the (200) diffraction peak
were 9.4 nm, 9.0 nm and 11.1 nm for FeNis/CB, FeNi/CB, and FesNi/CB
materials, respectively.

The STEM-HAADF images in Figure 4.3a-c show that the as-prepared alloy
catalysts exhibit mostly spherical morphology with a narrow size distribution
(Figure 4.3d-e), which is consistent with P-XRD analysis. Furthermore, the
average nanoparticles size in FesNi/CB, FeNi/CB, FeNis/CB samples is almost
the same, so the effect of particle sizes on catalytic performance can be
eliminated. Meanwhile, STEM-EDX analysis (Figure S15 and Table 4.1)
illustrated that the composition of the particles was stable from one to another,
that is to say no monometallic Fe particles or Ni particles were observed in the
bimetallic catalysts.
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Figure 4.3. STEM-HAADF images and nanoparticle size distribution
determined with ImageJ software of FesNi/CB catalyst (a, d), FeNi/CB
catalyst (b, e), and FeNis/CB catalyst (c, f).

Table 4.1 The average composition of nanoparticles in FesNi/CB, FeNi/CB,
and FeNis/CB samples. (data acquired by EDX analysis from particle to

particle)
Fe (at.%) error Ni (at.%) error
FesNi/CB 70.6 14.1 29.4 9.6
FeNi/CB 50.6 8.9 49.4 9.3
FeNis/CB 20.5 3.7 79.5 9.9

The metal loadings measured by ICP-OES are given in Table 4.2. These are
slightly lower than theoretical values (based on engaged amounts). This is
due to traces of insoluble ash during the digestion process causing systematic
underestimation by ICP. However, those differences do not affect the

comparison of the catalyst series with various compositions.

To study the textural properties of catalysts, adsorption/desorption isotherms
of N2 at -196 °C were determined and results are illustrated in Figure S16. The
expected Type Il isotherm was obtained for all the samples, which exhibit
nonporous or macroporous texture, but the BET surface area showed
differences among parent CB, monometallic catalysts and bimetallic catalysts.
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Table 4.2 Metal loading, Fe:Ni ratio, textural properties of Fe/CB, Ni/CB,
FesNi/CB, FeNi/CB, FeNis/CB catalysts and bare CB support.

Fe Ni Fe:Ni Fe Ni Fe:Ni

Catal SeeT
yst Theoretical metal Measured metal loading (m2g?)
loading (wt%) (Wt%) — ICP-OES
CB - - - - - - 69

Fe/C

14.29 - - 11.1 - - 141
B
Ni/CB - 14.29 - - 14.0 - 92
FesNi

1250 4.17 3.0 12.04 4.12 2.92 111
/CB
FeNi/

8.33 8.33 1.0 8.2 8.2 1 113
CB
FeNis 12.4

4.17 1250 0.3 4.12 0.33 114
/CB 3

The increase in BET surface area after nanoparticle loading is possibly due to
nanoparticles anchored on the surface of CB, which creates additional
surfaces by both increasing the rugosity with the Ni nanoparticles and the
separation of clumped CB support grains induced by Ni particle intervening. It
should be noted that those nonporous materials and exposed metal particles
remain fully accessible to reactants.

The state and the occurrence of the different elements at the surface of the
materials was evaluated through XPS. Figure 4.4 illustrates the XPS spectra
of the Ni 2psz and Fe 2pssz region of Fe/CB, Ni/CB and FeNi/CB catalysts. The
binding energies around 707 eV and 852 eV (red components) are ascribed
to metallic Fe (Fe® and metallic Ni (Ni°), respectively.[243] The peaks (blue
components) around 710 eV and 854 eV are assigned to oxidized Fe (Fe®*)
and oxidized Ni (Ni®*), along with two satellite peaks (pink peaks).[243] The Ni
(6+) 2p 3/2 peak (856.8 eV) of Ni/CB shifted towards lower binding energies
with the introduction of Fe, while the Fe (6+) 2p 3/2 peak (706.79eV) of Fe/CB
moved towards higher binding energies after alloy formation with Ni. This shift
of the binding energies may be attributed to partial electronic transfer from Fe
to Ni in the FeNi/CB alloy catalysts.[210, 291] Since the catalysts were stored
with no particular precautions, an external Ni or Fe oxide layer could be formed

104



Chapter 4 : Fe-Ni nanoalloy catalysts

W)
N

O
N

Ni2p,,

Intensity (a.u.)
Intensity (a.u.)

720 715 710 705 700 870 865 860 855 850

Binding Energy (eV) Binding Energy (eV)
c) _ d) -
FeNi/CB Fe2p,, FeNi/CB Ni2p,,
Sat e
< o) -
;./ Fe \‘E
= =
k%) &’ »
g 5
1= =
720 715 710 705 700 865 860 855 850

Binding Energy (eV) Binding Energy (eV)

Figure 4.4. Fitted Fe 2ps;2 and Ni 2ps;2 XPS spectra of (a) Ni/CB, (b) Fe/CB,
(c, d) FeNI/CB catalysts. Fe (0), Ni (0) = red components; Fe (lII), Ni (II) = blue
components

due to contact with air, which explains the presence of oxidized Ni and Fe. It
could be observed that there is no Ni° on the surface of the monometallic
Ni/CB catalyst (Figure 4.4b), while 22% of Ni° exists in the FeNi/CB catalyst,
and the metallic portions are even higher in the two other alloys (Table 4.3).
As for Fe%, the proportion in the alloy catalysts is more than 2 times higher
than it is in the monometallic Fe/CB catalyst. This suggests that a stabilization
effect exists in the alloy catalysts, which could inhibit surface oxidation to
some extent. As hydrogen is dissociated by the metallic atoms on the surface
of the catalyst during the hydrogenation reaction, this remaining metallic Fe
and Ni in the alloy catalysts are active sites, which can allow reaction without
prereduction of the oxidation layer.[157] From the comparison of XPS and ICP
elemental analysis results (Table 4.3), it can be seen that those Fe:Ni ratios
are almost the same, which mirrors the consistent internal and external
compositions.
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Table 4.3 Binding energy and contents in Fe®, Fe® in Fe 2psz level and Ni°,
Ni®*in Ni 2pa.2 level; weight ratio of Fe and Ni obtained by XPS and ICP.

Fe° 2p3p Fed* 2pP3sp Ni° 2pap Nid* 2pap Fe:Ni (Wt%)
Cataly
at. BE. B.E. B.E. ]
st at.% at.% at.% XPS ICP
(eV) % (eVv) (eVv) (eV)
706. 710.2
Fe/CB 6.5 93.5 - - - - - -
79 6
. 100.
Ni/CB - - - - 0 0.00 856.8 0 - -
FesNi/ 706. 51. 710.6 852. 3.02+
48.8 574 85415 426 2.92
CB 95 2 7 29 0.3
FeNi/ 706.  20. 852. 0.92
7103 79.2 22.0 85497 78.0 1
CB 93 8 49 0.3
FeNig/ ~ 706. 40. 710.6 852. 0.56 =
59.6 38.3 854.15 61.7 0.33
CB 95 4 7 29 0.3

* Atomic percentages have been converted into mass percentages.

4.3.2. Activity test: Hydrogenation of glucose
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Figure 4.5. Reaction network for D-glucose hydrogenation over Fe/CB, Ni/CB
and FexNiy/CB catalysts at 140 °C, 30 bar H2 and 1700 rpm stirring speed.

Catalytic hydrogenation of glucose in aqueous solution was employed as a

model reaction to evaluate the catalytic performance. The reaction network
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and key products are illustrated in Figure 4.5. As it is well known, sorbitol, one
of the main hydrogenation products (pathway 1), can be obtained from the
open chain form of glucose, which only exists at ~0.0026 mol% in solution due
to its thermodynamic instability and its spontaneous isomerization to cyclic
forms.[274] This open chain form then adsorbs on the metal surface via its O
lone pair and subsequently gets reduced by the hydridic adatoms formed on
the metal surface by H2 splitting. Therefore, the formation of the open-chain
conformation is generally considered to be the rate-limiting step.[12] Pathway
Il'is glucose conversion to fructose, which involves the isomerization of an a-
hydroxy aldehyde to the corresponding a-hydroxy ketone.[292] In the
presence of catalytic Lewis acids, this process has been shown to occur via
an intramolecular hydride shift. For the Fe/Ni catalysts, the isomerization could
be catalysed by leached metal ions like Fe 3*, Ni2* which would act as Lewis
acids or also simply by metallic Fe.[15] The reversibility of this intramolecular
process can also lead to epimerization of the C2 position and formation of
mannose. (pathway Il1).[293, 294] Mannitol in consequence would then be
produced through fructose and mannose hydrogenation (IV, V). As sorbitol,
fructose, mannose and mannitol are the major products/reactive
intermediates found during glucose hydrogenation reaction, the dehydration
and other aldose-ketose isomerization processes were not taken into account
in this work.[12, 193] The real-time changes in the yield of those products and
glucose conversion over 360 min of reaction are shown in Figure 4.6 for the
monometallic and bimetallic 1:1 formulations, along with the case of using a
mixture of both monometallic catalysts, for comparison. It can be seen that in
the first 40 minutes or so, glucose conversion curves with these different
catalysts are all linearly correlated with the X axis time. Taking the
experimental data of glucose conversion (x) presented in Figure 4.6, and
plotting Ln (1-x) over reaction time in the first 50 minutes, a linear fitting was
indeed obtained in all cases (Figure S17). It should be noted that conversion
(x) was determined at low conversion from the linear portion of reaction
profiles, considering no mass-transport limitations and catalysts deactivation.
So this pseudo-first-order dependence with respect to glucose was revealed
under excess of Hz, which is consistent with previous reports.[167, 191] In
addition, the reaction rate constant with various catalysts was compared
through the slopes of the profiles in Figure S17, giving the order Krercs >
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kreniice > Kreic+niics > Kniccs, where r is the initial reaction rate of glucose
hydrogenation. So, Fe/CB is the most active catalyst in these conditions,
followed by FeNi/CB, and the Ni/CB is the least active catalyst. The favoured
reaction paths and corresponding product yields with each catalyst are
discussed below.
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Figure 4.6. Yield (left axis) of sorbitol (black), fructose (blue), mannose (red)
and mannitol (pink) vs time and glucose conversion (right axis) vs time over
Fe/CB (a), Ni/CB (b), FeNi/CB (c) and mixture of Fe/CB and Ni/CB (d)
catalysts at 140 °C, 30 bar Hz, 1700 rpm and 360 min. Yield scales are
different in each case to better highlight the differences for each species.

The yield of the four key products and the conversion of glucose vs reaction
time during glucose hydrogenation in the presence of the monometallic Fe/CB
catalyst are illustrated in Figure 4.6a. The conversion and various yields
increased with time, while the rate of conversion decreased substantially over
time, especially after 40 min, which may be attributed to insufficient amount of
glucose remaining (due to one drawback of batch reactor process — a fixed
raw materials amount leading to a low productivity compared to a continuous
process) or catalyst deactivation. Additionally, a decrease in fructose yield
was observed, probably due to its isomerization to glucose and hydrogenation
to mannitol. Within 360 min, a total of 68% of the glucose was consumed in
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the reaction, giving 17.7% yield in fructose, 10.1% vyield in mannose, 8.1%
yield in mannose and 6.6 % yield in sorbitol, respectively. Thus, for the Fe/CB
catalyst, isomerization of glucose to fructose is the most preferred reaction
path, which is consistent with previous reports stating that Fe species are
active sites for glucose isomerization.[295] In contrast, Ni/CB catalyst
encourages a different reaction pathway (Figure 4.6b). As described above,
under the same conditions, the initial reaction rate on Ni/CB is lower than with
Fe/CB, thus only 33.1% of glucose was transformed in the reaction, however
sorbitol formed with a yield of 15.7%, more than double that of Fe/CB catalyst.
Additionally, lower yields of the undesired products were observed, fructose
(6.5% yield), mannose (3.5% yield), and mannitol (1.5% vyield). The fructose
production was not catalysed by Ni/CB catalyst compared to Fe/CB catalyst,
which leads to a low yield of fructose, far from equilibrium. Thus, while its
activity is not as good as the Fe/CB catalyst, Ni/CB gave the desired sorbitol
as the major product.

Interestingly, when Fe and Ni formed an alloy, the two metals promote each
other, both driving the reaction via the sorbitol producing pathway and
exhibiting higher activity. As a result, sorbitol is the dominating product with a
yield of 50 % in 360 min, 3 times higher than that of Ni/CB (Figure 4.6c).
Moreover, isomerization of glucose to fructose seems to be depressed by Ni,
and consequently, the vyield of fructose is much lower than with the
monometallic Fe/CB. The yields in mannose and mannitol remain similarly low.
Glucose conversion with FeNi/CB also improved from 33.1% to 70.5% in
comparison with Ni/CB. Thus, synergistic effects arise from alloying: the
conversion of glucose and the yield in sorbitol are both highly improved, and
simultaneously the isomerization of glucose is restricted. To further verify the
presence of a synergistic effect in the alloy catalyst, a mechanical mixture of
both Fe/CB and Ni/CB catalysts was used to catalyse glucose hydrogenation.
It should be noted that in this case 30 mg of Fe/CB and 30 mg of Ni/CB were
employed, instead of 60 mg in the previous cases, to keep the total metal
guantity involved in the reaction constant and corresponding to FeNi/CB (1:1)
catalyst. The glucose conversion and product yield results are shown in Figure
4.6d. It is obvious that fructose is a major product with a similar line shape as
for pure Fe/CB, which is attributed to the function of Fe/CB catalyst, and the
sorbitol yield of 10.9 % is similar to the catalytic reaction with Ni/CB. In 360
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min, 62.6 % of glucose was transformed in the reaction, which is also lower
than the conversion obtained with the FeNi/CB alloy. The hydrogenation
results of the catalyst mixture indicate that its catalytic behaviour comes
largely from the simple superposition of the results of the two single catalysts,
that is, the mixing of two monometallic catalysts does not generate a
synergistic effect like for the alloy. Electron rearrangement in the alloy may
contribute to this synergistic effect. Since Fe atoms in FeNi/CB are more
electropositive than Ni given their electron affinities, even under H2 pressure,
they can remain positively charged and act as adsorption sites for the open-
chain glucose.

The result of real- time carbon balance is shown in Figure 4.7, which was
calculated using equation 4. It should be noted that Cp is underestimated when
there are products obtained other than sorbitol, mannose, fructose and
mannitol, because those unidentified minor by-products were not considered
in this equation. All values of Cp with the four different catalysts decreased
with prolonged reaction time, which may be attributed to increased by-
products formation. As the Cp with Ni/CB and FeNi/CB catalysts were
consistently higher than with Fe/CB and mixtures of Fe/CB and Ni/CB
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Figure 4.7 Real-time carbon balance monitoring during glucose
hydrogenation reaction over Fe/CB (black), Ni/CB (red), FeNi/CB (blue) and
mixture of Fe/CB and Ni/CB (pink) catalysts at 140 °C, 30 bar Hz, 1700 rpm

and 360 min.
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catalysts, it means that more side reactions occurred with Fe/CB and mixtures
of the Fe/CB and Ni/CB catalysts than with the other two catalysts. These
results support that, relative to Fe/CB and mixtures of Fe/CB and Ni/CB,
synergistic effects in FeNi/CB reduce the occurrence of other side reactions
over Fe metal surface, keeping the Cp above 92.6%.

In order to investigate the principle of synergistic effects in Fe-Ni alloys with
different compositions, the two other FesNi/CB and FeNis/CB catalysts were
used to catalyse the glucose hydrogenation reaction, and their conversion and
sorbitol selectivity results at 2 h are illustrated in Figure 4.8. The Fe mass
percentage in the alloy (x-axis) was directly correlated with conversion.
As %Fe increased from 0 to 100%, (from left to right) the conversion increased
from 21.4% to 52.8%. This indicates that the activity of the alloy catalyst
increases simply with the increment of Fe. However, the sorbitol selectivity
decreases with Fe content, especially after 50% Fe composition, while before
it remains approximately unchanged. This is possibly due to the fact that in
iron-rich samples (FesNi/CB), more Fe atoms are clustered within the alloy
and do not feel the influence of Ni (Scheme 4.1). Since it is the bcc Fe-Ni alloy
structure that is detected in this catalyst by XRD and the main contribution of
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Figure 4.8. Influence of composition of Fe-Ni/CB catalysts on glucose
conversion (Xgucose) @and sorbitol selectivity (@soritol). Reaction conditions: 60
mg catalyst, 0.5 g glucose, 100 mL H20, T = 140 °C, p (Hz2) = 30 bar, 120
min and stirring speed of 1700 rpm.
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Scheme 4.1 Diagram of FezNi alloy nanoparticle. Green balls stand for Ni
atoms and purple balls stand for Fe atoms. The circled areas indicated by
the arrows refer to clustered Fe atoms.

b-(110) diffraction peak is from the clustered Fe atoms. This b-(110) diffraction
should not come from isolated pure Fe patrticles, as isolated pure Fe particles
were not observed in EDX mapping images (Figure S15 (3, 6, 9)). Hence,
these Fe atoms still exhibit the same electron distribution than in pure Fe
samples, which favoured the isomerization reaction. This leads to lower
selectivity of sorbitol. In a word, catalytic performance of Ni catalyst was
promoted after adding Fe forming an alloy, but selectivity to sorbitol dropped
seriously if the composition of iron exceeds 50%. Based on that, FeNi/CB with
1:1 atomic ratio appears to be the best compromise for achieving higher
catalytic activity while maintaining high sorbitol selectivity. In this FeNi/CB
alloy, the Fe and Ni atoms are supposed to be evenly distributed, which could
maximize the activation of Ni, resulting in the optimal synergistic effect versus
the other alloys.

4.4. Conclusion

Aiming at investigating the synergistic effect in alloy Fe-Ni catalysts during
glucose hydrogenation, monometallic Fe, Ni and Fe-Ni alloy catalysts
supported by CB were synthesised through a sol-gel method. XRD results
demonstrated that an alloy phase was formed in the bimetallic catalysts.
HAADF-TEM images and EDS analysis evidenced that the size distribution
and composition of the nanoparticles were uniform. Fe and Ni in the alloy form
were found to be less prone to oxidation than monometallic Fe and Ni through
XPS analysis, so metallic Fe and Ni sites remain at the surface of the
bimetallic catalysts, contributing to the splitting of hydrogen necessary for the
catalytic transformation.
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By analysing the hydrogenation reaction of glucose over monometallic and
alloy catalysts, it was found that Fe and Ni favour different reaction pathways
and that synergistic effects were present with the FeNi alloy catalysts. With
the Fe/CB catalyst, 68% of glucose was transformed in the reaction, with
fructose as the major product, obtained in 17.7% vyield, while only 6.6% of
sorbitol was produced. For the Ni/CB catalyst, in which glucose to sorbitol is
the dominating pathway, a higher percentage of sorbitol (15.7%) was obtained
but overall glucose conversion was lower (33.1%). Interestingly, the glucose
conversion and sorbitol productivity were enhanced to a great extent when Fe
and Ni formed an alloy, with a glucose conversion of 70.4% and sorbitol yield
of 50%. This synergistic effect cannot be observed with a simple mixture of
Fe/CB and Ni/CB catalysts, as electronic effects only appears in alloys. By
comparing catalytic performance using Fe-Ni alloys with different
compositions, FeNI/CB with an atomic ratio of 1:1 was identified as the best
compromise for efficient hydrogenation of glucose to sorbitol.
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5. Deactivation of Ni catalysts in aqueous glucose
hydrogenation reaction.

5.1. Introduction

Stability as a critical criterion for heterogeneous catalysts has been studied
and enhanced specially for industrial applications. Extensive works have been
carried out, targeting the deactivation of catalyst in different phases. Catalyst
stability and deactivation in the gas-solid phase has been widely established
over the past years.[296] However, less attention has been paid to the liquid
phase.

Regarding the nature of deactivation mechanisms that have been proposed,
three aspects can be taken into account — physical, thermal and chemical.[114]
For instance, physical deactivation occurs with chemical species deposition
(fouling), resulting in lack of accessibility to the active sites. Mechanical
alterations like crushing, attrition, abrasion, erosion of the catalyst particles
can also cause the loss of active phase. Sintering effects are typically caused
by thermal processes. And poisoning, new inactive phases formation and
leaching can be classified into the chemical deactivation mechanisms.[297-
300] Poisoning refers to strong chemical adsorption of reactants or impurities
on the active sites, while leaching is the dissolution of active sites into the
reaction medium. Usually, catalysts deactivation is caused by more than one
factor.

In our case, Ni catalysts were used for glucose hydrogenation in aqueous
medium. Thus, the crucial aspects regarding to deactivation of Ni catalysts is
leaching of the active sites into the liquid medium. The obtained catalysts
described in the previous chapters were studied for their stability. TEM, p-XRD,
XPS, and ICP-OES / AAS were applied to study the morphologies,
crystallinities, chemical states and compositions of the catalysts before and
after catalytic reaction. Trials to mitigate the deactivation of catalysts such as
introducing another stable metal into the catalysts formulation, and changing
the reaction medium, were also carried out. The specific results and
discussions arising from such study are as follows.

5.2. Experimental

Chemicals and materials
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The Ni catalysts obtained in chapters 2 - 4 were applied to study the
deactivation. First, fresh catalysts catalysed the glucose hydrogenation
reaction. Then the spent catalysts were collected from the reaction slurry by
filtration and washed using ultrapure water. Finally, spent catalysts were
stored for further characterization after drying in vacuum oven overnight at
room temperature.

FeNi/N-GNPs catalysts were prepared following the same procedure as
FeNi/CB catalysts mentioned in chapter 4 by replacement of the carbon
support. Nitrogen-doped N-GNPs support was obtained according to the
method reported in the literature by our team.[202]

3%RuFeNi/CB catalyst was synthesized by adding Ru precursor (RuClz xHz0,
Sigma-Aldrich, targeting 3 wt% Ru equivalents in the final catalyst) into the
mixture of Fe and Ni precursors during the synthesis of FeNi/CB catalysts as
described in chapter 4.

5.3. Results and Discussion

5.3.1. Sintering

Sintering is known as particles compacting and forming a solid mass of
material by the action of heat or pressure.[121] Thus, it can happen widely in
metal catalysts under harsh reaction conditions. Here, TEM-HAADF images
of fresh and spent catalysts were collected to analyse the sintering occurring
during glucose hydrogenation reaction. Figure 5.1 shows the morphologies of
FesNi/CB, FeNi/CB and FeNis/CB catalysts before (left column) and after (right
column) catalytic test. All the fresh catalysts appear more homogeneous than
the used ones. Also, clear aggregations (larger particles) can be observed
especially in FesNi/CB and FeNi/CB spent catalysts.

This sintering effect can also be observed by grain increase detected using p-
XRD. Figure 5.2 illustrates the diffraction patterns of fresh and spent bimetallic
catalysts FesNi/CB, FeNi/CB and FeNis/CB. The peaks at 26 = 25.3° are
attributed to the (002) plane of graphite (JCPDS-ICDD card No0.41-1487). For
FesNi/CB, peaks at 26 44.6° and 65.2° are corresponding to the (110) and
(200) planes of crystalline bcc Fe-Ni alloy structure (JCPDS37-0474). For
FeNi/CB sample, peaks at 26 = 43°, 51°, 75° are attributed to the (111), (200)
and (220) crystal planes of fcc FeNi alloy (JCPDS 12-0736), respectively. For
FeNis/CB, peaks at 26 = 44.2°, 51.4°, 75.7° are assigned to the (111), (200)
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Figure 5.1. TEM-HAADF images of fresh (left column) and spent (right
column) catalysts FesNi/CB (a, b), FeNi/CB (c, d) and FeNis/CB (e, f).

and (220) crystal planes of fcc Fe-Ni alloy structure (JCPDS38-0419).[290]
The average grain sizes of alloy nanoparticles were calculated using Debye-
Scherrer formula based on the full width at half-maximum (FWHM) of the (200)
diffraction peaks, which are indicated in the graph with black colour for fresh
catalysts and red colour for spent ones. For the FeNi/CB and FeNis/CB
catalysts, the grain sizes increase from 9.2 nm to 18.2 nm, and 11.1 nm to
14.1 nm after catalytic test, respectively, induced by coalesce. For FesNi/CB
sample, only 0.5 nm grain size increased after reaction, as measured based
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Figure 5.2. p-XRD patterns of fresh and spent catalysts: FesNi/CB (top),
FeNi/CB (middle) and FeNis/CB (bottom).

on XRD patterns, while distinct increase of particle size was observed in TEM
images, which could be due to the fact that particles aggregate but do not
coalesce in this sample.

Metal atom dissolution and redeposition to form larger metal particles is
usually quoted to explain the sintering effect in aqueous-phase reactions.[122,
123] In other words, small Ni particles are more easily dissolved and then re-
deposited on the surface of big Ni particles, forming larger particles. The
coalescence by the migration of small particles on the surface of CB could
also contribute to the sintering effect here, due to the different surface diffusion
energy of particles with different sizes. This sintering effect has been observed
with the metals Ru, Pd, and Pt on the supports TiO2, active carbon, carbon
nanotubes, graphite, SiO2 and Al203 in agueous-phase reactions below 100°C
[124-129]. However, how the detached metal atoms interact with the reaction
medium in the Ostwald ripening process is still unclear.

5.3.2. Surface oxidation of Ni particles

Since Ni° is the active phase for glucose hydrogenation, it is essential to study
the quantity of Ni° phase on the surface of the Ni catalyst before and after
catalytic test. Thus, XPS spectra were recorded to probe the Ni® phase of fresh
and spent catalysts. As is shown in Figure 5.3, the binding energies around
707 eV and 853 eV (red components) are ascribed to metallic Fe and Ni,
respectively.[243] The peaks around 711 eV and 856 eV (blue components)
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Figure 5.3. Fitted Fe 2psz and Ni 2ps2 XPS spectra of fresh FeNi/CB
catalyst (a, b) and spent FeNi/CB catalyst (c, d).

are assigned to oxidized Fe (Fe®*) and oxidized Ni (Ni?*), along with satellite
peaks (pink components). Apparently, the metallic portions of Ni and Fe
decreased in the spent catalysts compared with the fresh one, indicating the
metal oxidation occurring during the hydrogenation reaction. Since the
FeNi/CB catalyst was used in aqueous solution of sugar alcohol and aldose
at a temperature of 140°C (pH<5), Fe or Ni can react with water forming Fe?*
and Ni2* species in a form of a complex with sugar alcohol on the surface of
the catalysts.[301, 302] This oxidation can be further accelerated by
increasing the reaction temperature. For example, when the hydrogenation
reaction was carried out at 160°C with monometallic Fe catalysts for 3 h, the
reaction medium turns out to be faint yellow in color, which is due to the Fe
leaching in an oxidized form. This will be elaborated in the following part.
However, this oxidation of Fe and Ni was prohibited in a way by forming
FeNi/CB alloy catalyst. In Figure 5.4, red component is standing for the
metallic Fe on the surface of the monometallic catalyst. Less percentage of
FeC (6.5 at. %) is present on the surface of Fe/CB catalysts compared to
FeNi/CB catalyst (20.8 at. %). And even no metallic Ni appears in the fresh
Ni/CB monometallic catalyst in contrast to 22% of metallic Ni in FeNi/CB
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catalyst. That is to say, when Fe and Ni formed an alloy, the Fe and Ni
oxidation was lowered thus metallic part of Fe and Ni remained on the surface.
Therefore, alloy structure potentially maintains better the active sites, i.e.
metallic Ni.
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Figure 5.4. Fitted Fe 2ps;2 spectra of fresh monometallic Fe/CB catalyst (a)
and Ni 2psi2 spectra of fresh monometallic Ni/CB catalyst (b).

5.3.3. Metal leaching

Leaching is usually affected by temperature, pH, solvent, and the
concentration of reactants and products.[113] It happens with either noble or
base metals but normally base metals are more prone to leaching because
they are more easily oxidised. It is known that Ni leaches seriously in aqueous
hydrogenation of glucose especially when using Raney-type Nickel as a
catalyst.[114] Analysing the Ni leaching in the reaction slurry during or after
hydrogenation reaction helps to understand the leaching principle and
potentially ways to eliminate or restrain it. Figure 5.5 shows the Ni leaching
percentage of monometallic Fe/CB, Ni/CB, FeNi/CB and a mixed catalyst of
Fe/CB and Ni/CB. The Fe or Ni leaching percentage was calculated by using
the equation 10 below:

Leaching (%) = —eachedcontent » 1()() Equation 10

Minitial content

The mass of leached content was calculated by multiplying the concentration
of leached element in reaction medium and the volume of the medium. The
mass of initial metal content was determined by ICP-OES analysis on the solid
catalysts before tests. The error on leaching numbers can be estimated at
about 2%, which mostly origins from the experimental operations during the
acid digestion process, in which traces of ashes might not be well dissolved.
For the monometallic Fe/CB catalyst, around 27 % of Fe leached away after
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Figure 5.5. Leaching percentages of Fe and Ni from Fe/CB, Ni/CB, FeNi/CB
and mixture of Fe/CB and Ni/CB catalysts after catalytic glucose
hydrogenation reaction at 140°C with 30 bar of hydrogen for 2h.

one-time reaction, while 4.5 % of Ni leached from the Ni/CB catalyst. The
leaching of Fe increased from 27% to 45% when Fe/CB catalyst was mixed
with Ni catalyst, while Ni leached a little bit less compared to itself alone.
Interestingly, when Fe and Ni formed an alloy, Fe leached less but Ni leached
more than their monometallic counterparts, implying that Fe promotes the
leaching of Ni while its own leaching was reduced. To further confirm this
observation, the leaching behaviours of Fe-Ni alloys with different Fe/Ni ratios
were studied. The results are shown in Figure 5.6. Regarding the Ni leaching
among FeNis/CB, FeNi/CB and FesNi/CB catalysts, it increased from 5% to
21.2% with the Fe/Ni ratio varying from 0.33 to 2.92 in the catalysts. Thus,
indeed, Fe promotes Ni leaching. Since the standard reduction potential of Fe
is lower than Ni, it is more prone to be oxidized than Ni. Once Fe atoms in the
alloy are dissolved into the solution, it creates cavities on the surface of alloy
nanoparticles leaving the Ni atoms more exposed to the aqueous solution.
Consequently, Ni leaches more. This could be one possible reason to explain
the Fe promotion. This Ni leaching could also be partially related to the activity
of the catalysts, since more hydrogenation products induce a lower pH
measured at the end of the reaction, which is consistent with the trend that as
the proportion of Fe in the alloy increases, the catalyst activity increases, while
the leaching of Ni also increases. Hence with more active Ni catalysts, Ni will
be more likely to be dissolved.
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As carbon supports doped with N have been reported to improve the stabilities
of Ru, Pd nanoparticles,[303, 304] we tried to synthesise a FeNi alloy catalyst
supported onto N-doped GNPs.[202] The Fe and Ni leaching percentages
obtained with this new catalyst after hydrogenation reaction are shown in
Figure 5.6. 5.1 % of Ni and 11.2% of Fe leached away after reaction, which is
less than the same alloy supported on CB, but still introducing N in the support
does not prevent the metal leaching completely. In addition, with FeNi alloy
on the N-doped GNP support, both the glucose conversion (36.1 %) and
sorbitol selectivity (0) in 2 h were lower than with pure GNP support (68% of
glucose conversion, 22% of sorbitol selectivity).
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Figure 5.6. Leaching percentages of Fe and Ni from FeNis/CB, FeNi/CB,
FesNi/CB, FeNi/N-GNPs and 3%RuFeNi/CB catalyst after catalytic glucose
hydrogenation reaction at 140°C with 30 bar hydrogen for 2h.

Following another train of thoughts, adding a third stable Ru component into
the FeNi alloy has no effect on stopping the leaching of Fe and Ni (see last
column in Figure 5.6). Meanwhile, the glucose conversion increased from 45 %
to 55.3 % but the sorbitol yield dropped from 55 % to 38.4 % in 2 h after adding
3%Ru to FeNi/CB catalyst. Besides, based on the leaching behaviours of Fe
and Ni in FeNi/CB catalysts during three consecutive recycling tests (Figure
5.7), the contents of Fe and Ni in the catalysts is seen as continuously
decreasing during each test, which means that the metals are constantly
dissolving into the solutions. It should be noted that the leaching of metals in
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the first cycle test is the worst compared to the 2" and 3" ones, and Fe always
leached more seriously than Ni metal. The highest contents of metallic Ni and
Fe in the fresh catalyst could also be correlated to the highest leaching in the
first catalytic test, then the leaching slows down successively as the contents
of metallic Ni and Fe decrease in the spent catalysts.
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Figure 5.7. Weight percentages of Fe and Ni in fresh FeNi/CB and spent
catalysts after each cycle of glucose hydrogenation reaction at 140°C with
30 bar hydrogen for 2h. (Weight percentages of metals in the catalysts were
determined by ICP-OES analysis)

In order to find out the critical factors affecting the leaching, hydrogenation
tests controlled for a single variable were performed and the leaching results
are illustrated in Figure 5.8. In the starting point, FeNi/CB catalyst was added
into 100 mL pure water stirring at 140 °C. In that condition, around 1% of Fe
and 3.7% of Ni were leached away after 2 h. After adding 30 bars of hydrogen
into the previous reaction condition (new batch of reaction), Fe leaching
increased from 1% to 2.5%, but it decreased back to 1% when the reaction
temperature was decreased to 120 °C. In the meantime, the leaching of Ni
also decreased with the decrease of reaction temperature. In the last test, the
substrate glucose was added, and the leaching of Fe increased dramatically
— from 3.7% to 26%, while the Ni leaching remains almost the same. It was
reported that glucose can form complexes with both Fe(lll) and Ni(ll) in
MeOH.[305, 306] Maybe those complexes could be also formed in aqueous
solution during hydrogenation reaction. However, there should be a
competition of forming two complexes when both Fe (IlI) and Ni (Il) are present
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in the liquid. That Fe (lll) complexes of glucose are more easily formed than
Ni (II) complexes of glucose could be one explanation for the fact that Fe
leaching is more sensitive to the substrate. In a word, leaching of Fe in the
FeNi alloy is sensitive to the temperature and largely promoted by the glucose,
but the leaching of Ni in FeNi alloy catalyst exhibited immunity from the
temperature and substrate compared to Fe.
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Figure 5.8. Fe and Ni leaching percentages in the corresponding reaction
conditions: Catalyst, 140 — FeNi/CB, 100 mL of water, 140°C, 2 h. Catalyst,
140, Hz — Adding 30 bar of hydrogen to the condition of ‘Catalyst, 140’.
Catalyst, 120, H2 — Changing the temperature to 120 °C in condition of
‘Catalyst, 140, H2'. Catalyst, 140, Hz, glucose — Add 0.5 g of glucose to the
condition of ‘Catalyst, 140, H2'.

Based on the leaching behaviour of Fe and Ni investigated as described
above, several attempts have been implemented to decrease the leaching of
Ni and Fe in the catalysts (Figure 5.9). First, the pH of the reaction medium
was adjusted from 6 to 10 by adding 1M NaOH solution before the reaction
started. The Ni leaching turned out to decrease from 7.6% to 5% while the
leaching of Fe increased. As mentioned before, adding 3 wt% of Ru into the
FeNi alloy does not prevent the leaching of Ni but Fe leaching can decrease
by around 6%. After that, we tested the reaction in a mixture of water and
ethanol with a volume ratio of 1:1. The Fe leaching decreased largely from
22.5% to 0.6%, but the Ni leaching remains almost unchanged. At last, we did
the reaction in an aprotic solvent — cyclopentyl methyl ether (CPME).
Remarkably, no leaching of Ni and Fe were found after two hours reaction.
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Thus, the aprotic solvent is the key to solve the leaching problem. It should be
mentioned that the glucose conversion (53.3%) and sorbitol selectivity (17.9%)
were low with CPME solvent due to the poor solubility of glucose in CPME.
Therefore, aprotic solvent with high solubility of glucose such as dimethyl
sulfoxide (DMSO) should be the ideal reaction medium for high sorbitol
productivity and no leaching of Ni and Fe.
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Figure 5.9. Leaching percentages of Fe and Ni from FeNi/CB (RuFeNi/CB)
catalyst after glucose hydrogenation reaction at 140 °C and 30 bar of
hydrogen for 2h and other specific reaction conditions indicated in the graph.

In addition to the previous leaching study based on FeNi alloy catalysts, we
found additional results in the investigation of Ni leaching kinetics using bare
Ni catalysts with different structures and morphologies — Ni nanospheres,
nanorods, and nanobead chains catalysts. Figure 5.10 shows the Ni leaching
percentage changes along with the reaction time. The leaching values were
recorded by analysing the Ni concentration in the filtrates of samples taken
from the reaction slurry at regular intervals, and the leaching behaviours of Ni
nanosphere, nanorods and nanobead chains catalysts were investigated
under a temperature of 130, 140, 150 and 160 °C, separately. For all three
catalysts, the higher the reaction temperature, the more Ni leaching. In
addition, Ni leached less in nanobead chain catalysts as compared to the
other two catalysts under the same conditions, which may be due to the fact
that some remaining capping agent - polyvinylpyrrolidone (PVP) on the
surface of nanobead chains prevents the leaching to some extent. While
nanosphere catalysts has the highest leaching compared to nanorod and
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Figure 5.10. Ni leaching kinetics of Ni nanospheres, nanorods and
nanobead chains catalysts in glucose hydrogenation under 30 bar of
hydrogen, at a temperature of 130, 140, 150, and 160 °C.

nanobead chains catalysts, which could be due to the fact that low crystallinity
of Ni nanospheres allows the amorphous Ni to leach more easily. Furthermore,
an interesting phenomenon, namely that Ni leaching decreased during the
reaction, was observed with all the three catalysts. For instance, at the
reaction temperatures of 130, 140 and 150°C with nanospheres, the highest
Ni leaching was observed when the reaction medium reached the target
temperature before starting the hydrogenation reaction (at 0 min). After
hydrogen was added, the reaction started, and the Ni leached decreased and
reached a plateau along with the reaction time. However, this Ni leaching
continuously increased at a reaction temperature of 160 °C. This leaching
decreasing also happens with nanorod catalyst at 150 °C and nanobead
chains at 130 and 160 °C. In situ reduction of oxidized Ni could explain the
decrease of Ni leaching during the reaction, since 30 bars of hydrogen was
added when the reaction started, which could potentially reduce the Ni®*. And
the leaching could show a relatively stable value when the oxidation and
reduction of Ni reach an equilibrium under a corresponding reaction condition.
Thus, in the cases of FeNi/CB catalyst testing in different conditions by varying
parameters such as hydrogen pressure, reaction medium, temperature, etc,
the equilibriums of Ni/Fe to oxidized Ni/Fe should be different, resulting in
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variations in the leaching percentage (Figure 5.8 and Figure 5.9). Based on
this, the adding of Nickel ions to the reaction medium allows the leaching to
reach its equilibrium at the start of the reaction and may serve as a method to
reduce Ni leaching.

At a high temperature, the oxidation of Ni dominates compared to the
reduction, leading to continuous Ni leaching. And the fact that the initially
oxidized Ni cannot be totally reduced is due to the oxidation-reduction
potential (ORP) of the glucose aqueous solution which is not low enough.
Thus, this leaching kinetic study further demonstrates that an oxidation
reaction occurred between Ni catalysts and glucose aqueous solution and
reduction of oxidized Ni undergoes during the hydrogenation reaction.

5.4. Conclusions

By analysing the morphologies, crystallinities, surface chemical states and the
compositions of Fe-Ni alloy catalyst before and after the glucose
hydrogenation reaction using TEM, p-XRD, XPS and ICP-OES / AAS,
sintering, surface oxidation and leaching were demonstrated to contribute to
the deactivation of the FeNi catalysts. This sintering effect is most evident in
FeNi/CB catalysts, compared to FesNi/CB and FeNis/CB catalysts, the grain
size of which increased from 9.2 nm to 18.4 nm after one-time use. Ostwald
ripening via metal dissolution and redeposition to from larger metal particles
contribute to sintering of Fe-Ni alloy catalysts. XPS analysis indicated that
metallic Ni and / or Fe were oxidized during glucose hydrogenation, leading
to surface oxidation of the catalysts after use. Fe-Ni alloy catalysts can
preserve some metallic portions of Ni and Fe from oxidation in the fresh and
spent catalysts rather than all surface metals being oxidized in the
monometallic counterparts.

ICP-OES / AAS analysis of the filtrates of the reaction medium shows metal
leaching after hydrogenation reaction. For Fe-Ni alloy catalysts, Fe leached
less but Ni leached more than their monometallic counterparts, and Fe and Ni
continuously leached away in the successive tests. Adding Fe into Ni catalysts
was found to promote Ni leaching and Ni leached increased with the Fe
contents in the Fe-Ni alloy catalysts. Fe leaching was demonstrated to be
more sensitive to the reaction conditions like hydrogen pressure, adding
substrate, solvent changing compared to Ni. And at a low reaction
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temperature, Fe and Ni leached less in contrast to higher temperature. This
Fe and Ni leaching was not prevented either by changing the CB support for
N-doped GNP support or adding a third metal Ru into the alloy. However,
when the reaction medium was changed from water to a mixture of water and
ethanol, the leaching of Fe was largely constrained but Ni leaching remained
the same. Finally, with aprotic solvent CPME, the leaching of Fe and Ni was
totally blocked with zero leaching after reaction, but the glucose conversion
and sorbitol yield were very low due to the poor solubility of glucose in this
medium.

Regarding the leaching kinetics studies of Ni nanospheres, nanorods and
nanobead chains catalysts during glucose hydrogenation reaction, Ni
nanobead chain leached less in the reaction temperature range 130 — 160 °C
compared to nanorods and nanospheres catalysts. Besides, in situ reduction
of oxidized Ni was proposed to explain the decrease of Ni leaching during the
hydrogenation reaction. And the leaching of Ni can reach a stable value when
the reduction and oxidation of Ni reach an equilibrium. Thus, if the reaction
was carried out using a Ni?* solution with a proper concentration related to the
reaction condition (eg. 5 ppm for Ni/CB catalyst at 140°C for 2 h (the average
leaching amount of Ni in this condition) ), by adding a compound like NiNOs,
it may stop the Ni leaching because the equilibrium of Ni° to Ni?* would be
directly reached and not depend on the Ni2* and Ni contents in catalysts. And
also, polar aprotic solvents could be a promising solution to both stop the
leaching of Ni and improve the solubility of glucose.
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6. Conclusions and perspectives
6.1. General conclusions

With the scope of designing Ni based non-noble catalysts for efficient selective
hydrogenation of glucose to sorbitol in mind, we have prepared bare Ni
catalysts with three different shapes — sphere, rod, bead chains, but also
CB/GNPs supported pure Ni nanoparticles with particle sizes from 7 nm to 24
nm, and CB supported Fe-Ni alloy catalysts. Comprehensive investigations
have been applied to analyse the structure-reactivity relationships of the
catalysts. The significance to the presented work including main
developments are concluded in the following paragraphs.

Since many previous works had reported that the particle shapes have a
significant influence on their catalytic properties including activity and product
selectivity, we tried to obtain three types of particles with different shapes
hence enriched in some particular facets to investigate the activity and sorbitol
selectivity in glucose hydrogenation. As it is more difficult to control the
nucleation and growth of non-noble metal particles than noble metals, we
obtained three different shapes of Ni particles but with polycrystalline
structures rather than a single crystal, which makes us consider that the
kinetic of Ni particle growth changes with the hydrogen pressure. Then, it is
inaccurate to determine the exposed facets with polycrystalline structures.
However, we indeed observed large differences of the catalytic performance
among those three different particles. By further analysing the crystallinities,
large amounts of amorphous phases were found in Ni nanosphere catalyst,
which turns out to be one key for its high activity. We were not expecting to
have different compositions of Ni nanospheres and nanorods, since they are
using the same amounts of reactants. However, both surface and bulk
analyses provided evidence that P was doped into Ni nanosphere catalysts
and not in nanorod catalysts. Finally, the unexpected amorphous P-doped Ni
nanospheres exhibit an even lower activation energy than reported Ru
catalysts. This is a blessing in disguise.

Then we started investigating the size effect of Ni particles on glucose
hydrogenation. Simply changing the temperatures of thermal treatment, Ni
particles with different sizes were prepared as described in chapter 3. The
particle sizes were determined by statistical analysis of TEM images as well
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as XRD with Scherrer equation. The average particle sizes range from 7 nm
for CB-400 to 23 nm for CB-650. One starting assumption could have been
that the highest reactivity of the catalysts should be given by the lowest
average particle size sample, since at a constant metal loading, the smaller
the particles, the more active sites. However, a volcano plot behaviour was
observed, and the best activity was shown with medium size Ni particles - 17
nm. This CB-550 catalyst was also demonstrated to have the highest portion
of metallic Ni on the surface, which obviously can catalyse the reaction more
efficiently compared to catalysts with more oxidized metal surface.
Considering both the deactivation and substrate adsorption processes in the
glucose hydrogenation, the medium size particles could be a result of a
compromise. That is to say, although small particles have more active sites
(edge and corner atoms), they are also more easily leached away or poisoned,
thus small particles have less reaction possibilities compared to medium size
particles. By opposition, big particles certainly lose the active metal surfaces
compared to medium ones. These similar conclusions were also given by Ni
particles with different sizes on GNPs support. Thus, in the real reaction
conditions, we have to consider the stability and accessibility of catalysts while
increasing the number of active sites.

Fe is known as a promoter for enhancing the activity of Raney-Nickel catalysts,
but its catalytic role was not clear at the beginning of this thesis for the target
reaction. Meanwhile, Fe is less electronegative than Ni, so it potentially can
be used as a protection metal for saving the Ni active sites. Thus, in chapter
4 we designed bimetallic catalysts to investigate the synergistic effect in Fe-
Ni alloy catalysts during the glucose hydrogenation. In this goal, monometallic
Fe/CB and Ni/CB catalysts, Fe-Ni nanoalloy catalysts with three different
compositional ratios were prepared. The bimetallic Fe-Ni particles were
confirmed to present small and alloyed structures by XRD and TEM-EDS
analysis. As we expected, Fe indeed can protect Ni active sites in both fresh
catalysts and spent catalysts. That is, more metallic portions of Ni were
present in the Fe-Ni alloy catalysts than in monometallic Ni catalysts.
Undoubtedly, FeNi alloy catalysts were much more active than Ni/CB, but less
active than Fe/CB. However, Fe/CB was involved in catalysing the glucose
isomerization process. When Fe and Ni formed an alloy, this glucose
isomerization reaction was suppressed. By comparing the alloy with different
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Fe:Ni ratios, the 1:1 formulation was identified as the best compromise to
achieve a high catalytic activity while maintaining high sorbitol selectivity.

At the end of this thesis, we studied the deactivation of the catalysts obtained
above during aqueous glucose hydrogenation reaction. TEM-HAADF and
XRD analysis indicated that sintering occurs during the use of the Fe-Ni alloy
catalysts. Surface chemical state analysis by XPS indicated that the partial
oxidation of Ni active sites occurs during the hydrogenation reaction. Ni
leaching, detected by ICP/AAS, induced the loss of active sites. Different
surface energy of particles with different sizes, the formation of Ni/Fe-glucose
complexes on the surface of the catalysts and oxidation of active sites could
contribute to explain those deactivation phenomena, respectively. Besides,
introducing Fe into Ni catalysts has been found to help maintaining the Ni
active sites in the normal storage condition and real hydrogenation reaction
conditions. Changing the hydrogenation reaction medium from protic to
aprotic one, the leaching of Ni can be largely restricted. Furthermore, in situ
reduction of oxidized Ni was proposed to explain the decrease of Ni leaching
during the hydrogenation reaction in water medium.

To summarize in a few words, we have achieved our objective — design of
efficient selective non-noble catalysts for glucose hydrogenation and
understanding of fundamental key parameters for their performance. A brief
comparison of catalytic performance among those different types of Ni
catalysts is illustrated in Figure 6.1. Amorphous P-doped Ni nanosphere
catalyst exhibits the highest activity and sorbitol yield. Though FeNi/CB can
have similar conversion than the Nanospheres, the sorbitol yield is lower due
to the Fe addition that promotes side-reactions. The catalytic activity of Ni/CB,
nanobead chain and nanorod catalyst are all relatively lower. A test result with
a commercial Ru/C catalyst was also introduced in this graph, but it was
obtained under different reaction conditions — namely longer reaction time but
lower metal amount compared to other tests. Considering a very low metal
loading for the commercial one, it should be feasible to make a preliminary
comparison with other results at a longer reaction time. And the test in the
same conditions must be done in the future to have a precious conclusion.
Based on the current results shown in this figure, the catalyst whose
performance is closest to that of commercial Ru/C catalysts is Ni nanosphere,
but the activity is still far below the noble metal commercial one.
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Figure 6.1. Glucose conversion and sorbitol yield comparisons after 1 h
reaction when using different catalysts except for Ru/C commercial catalyst.
Reaction conditions with catalysts in this thesis: 14 mg of pure metal catalyst
or equivalent metal content in supported catalysts, 0.5 g of glucose, 100 mL
of Milli-Q water, 140 °C, 1 h, 30 bar hydrogen, 1700 rpm stirring speed. The
Reaction conditions with Ru/C catalyst: 60 mg of 5 % Ru/C grade 1 catalyst
(60% H20, PMPC SP3210 W, EVONIK, Germany), 100 mL of Milli-Q water,

140 °C, 2 h, 30 bar hydrogen, 1700 rpm stirring speed.

Therefore, for Ni metal catalysts, P doping, amorphous phase, sphere NPs
with a particle size of 17 nm, CB support, as well as introducing a promoter —
such as Fe are the significant factors that enhance the catalytic performance.
Those features should be considered when designing a new base metal
catalyst. Furthermore, altering the hydrogenation pressure changed the
kinetic of formation of Ni NPs, leading to different shapes of Ni particles, which
is for the first time proposed in this thesis. This can be applied in preparation
of other base metal particles of different shapes. Besides, the equilibrium of
reduction and oxidization of Ni or Fe was proposed as a key factor during the
investigation of leaching kinetics from FeNi catalysts during glucose
hydrogenation. Based on this hypothesis, few attempts can be done to prevent
base metal leaching in the future.

Those investigations bring the base metal catalysts closer to noble metal
catalysts in terms of activities. But, the deactivation especially the leaching of
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base metals remains a problematic issue. Even though we proposed the
aprotic solvent to somehow prevent the leaching, it is not as environmentally-
friendly as water. Thus, further investigations should be done on solving the
deactivation of base metals. And the specific prospects for possible future
works are described as follows in the next section.

6.2. Perspectives

We propose perspectives for this thesis in three parts: (i) complete the
deactivation study on prepared catalysts; (ii) integrate all the advantages that
we have identified in this thesis to form a new optimised catalyst (iii)
mechanism study of glucose hydrogenation reaction.

The observation of in situ reduction of leached Ni and leaching
behaviours of Ni catalysts with different sizes:

As leaching of Ni nanospheres decreased and reached a relative constant
value after about 20 min reaction, we propose that the leaching species were
reduced in situ when hydrogen was introduced during glucose hydrogenation.
Thus, it would be valuable to testify this hypothesis by characterizations like
TEM to visually observe the morphology changes along with the reaction time.
In this way, we need to separate and analyse the catalysts intermittently or
implement in situ methods. If we cannot have clear observations by using TEM
due to the fact that the amount of leaching is too small, high-resolution images
could theoretically help to find differences. The leaching kinetics of Ni/CB
catalysts with different particle sizes are also worthy to study. It would at least
give an idea about the relationship between leaching and Ni particle size as
well as the homogeneity of size distribution. This will also tell us if the
conclusion about high activity leading to more leaching is applicable to those
catalysts. After we pin-point all the issues causing deactivation, we can finally
modify the catalysts accordingly to prevent it.

Amorphous Fe-Ni nanoparticles / core-shell Fe/Ni NPs supported by CB
catalyst preparation:

We have found several features promoting the reactivity of Ni catalysts in this
thesis. Naturally, we could think of designing a Ni catalyst combining all those
advanced features to further boost its catalytic performance. In this case, we
will first try to synthesize amorphous Fe-Ni bimetallic nanoparticles or Fe/Ni
core-shell NPs (Fe as a core and Ni as a shell) by a thermal solvent method
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or coprecipitation method. If it succeeds, CB support could be introduced
easily by adding it to the suspension of NPs. After ultrasound and filtration, we
can analyse the particles immobilized on CB support using ICP-OES and
other usual methods such as XPS. Once the metal loading is confirmed, we
could evaluate the catalytic performance of this new catalyst. Different
parameters could be applied to obtain the amorphous Fe-Ni or Fe/Ni catalysts,
such as hydrogen pressure, the amounts of capping agents and reductants.
Or we can change the capping agents -TOP to triethylphosphine with short
branch chains to spare more accessibilities for metal precursors and reduce
the electron density of P. Phosphorous doping is another key point that needs
to be integrated in optimized catalysts, through the phosphine capping agents
or other P-rich reactants addition.

Mechanism study of glucose hydrogenation reaction

Though few adsorption configurations of glucose on Pt/Pd surface have been
proposed by DFT calculations, the reaction intermediates are still unknown.
And also, there is still a debate about the idea that glucose can be directly
hydrogenated without turning into an open-chain form. Thus, in situ Raman or
in situ IR could be used to try to find out the intermediates during the aqueous
or non-aqueous reaction. If this reaction still runs under harsh conditions, an
inertial catalyst such as Ru/CB with metal loading less than 1% should be
used to ensure the reaction proceeds slowly enough to ‘see’ the intermediates.
Or we could try to use a more active catalyst with higher Ru loading to run this
reaction in less harsh conditions. Here we want to avoid using Ni metal
because we would like to avoid the influence of Ni leaching. In addition, the
pH of the reaction solution should also be monitored and further controlled
with an automatic regulator equipped on the high-pressure reactor, to better
understand the influence of pH value on both glucose isomerization and
hydrogenation. These mechanistic studies should be strengthened by
theoretical calculations, which we also initiated during the course of this thesis
work, in collaboration with the group of Dario Duca, but would require further
effort to complete.
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Appendix: characterization methods

In order to understand the intrinsic properties of the prepared catalysts in
different aspects, multiple characterization techniques were used. For
instance, electron microscopy such as TEM and SEM were used to observe
the morphology of the nanoparticles, in which HR-TEM, TEM-HAADF and
dark field images were also carried out for specific samples. X-ray diffraction
was applied to determine the crystal phases present in the samples in powder
form. Surface chemistry including vibrations of the surface groups, and
elemental valence and contents were detected by ATR-IR or Raman and XPS,
respectively. As opposed to surface analysis, bulk elemental analysis was
implemented with ICP-OES and TEM-EDS techniques. Besides, the specific
surface area and Hz desorption were analysed by N2 sorption and H2-TPD,
separately. Apart from that, TGA was specifically used to monitor the thermal
stability of the catalysts prepared at different temperatures (in chapter 3).
Those equipment descriptions and detailed operation procedures are
specified below.

Morphology

Transmission electron microscopy (TEM) and high resolution TEM (HR-TEM)
were performed by using JEOL 2100 LaB6 with a 0.2 nm point to point
resolution. Dark field images were recorded after selecting parts of diffraction
rings in order to observe the corresponding lighted area, i.e. oriented crystals
(In chapter 2).

TEM images were obtained on a LEO 922 Omega Energy Filter Transmission
Electron Microscope operating at 120 kV. The samples were suspended in
ethanol under ultrasonic treatment. Three drops of the suspension were
deposited on a holey carbon film supported on a copper grid (Holey Carbon
Film 300 Mesh Cu), which was dried before introduction in the microscope for
imaging (In chapter 3).

TEM high angle annular dark field (HAADF) images were obtained on a field
emission gun (FEl) Osiris TEM operated at 200 kV equipped with a
CHEMISTEM detector. The samples were suspended in ethanol under
ultrasonic treatment. Three drops of the suspension were deposited on a
holey carbon film supported on a copper grid (Holey Carbon Film 300 Mesh
Cu) (In chapter 4 and 5).
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SEM images were obtained on a field-emission scanning electron microscope
JEOL 7600F operating at 15 kV. A small amount of sample was collected with
a spatula and deposited on a carbon double-sided sticker bonded on a 26 mm
diameter specimen holder, then air spray was used to remove the excess
particles.

Crystallography

The powder sample was tiled on a silicon crystal sample holder with a thin
layer of cream as an adhesive, and its X-ray diffraction (XRD) analysis were
performed using a Bruker D8 advanced diffractometer (Bragg-Brentano
geometry) equipped with a Linkeye XE-T detector. The X-ray source (Cu Kaai,2,
A = 0.15418 nm) operates at 1200 W (30 mA, 40 kV). Analysis were made
within a 26 range from 5 to 80° using a step size 0f 0.015° and 0.15s per step.
For in situ experiments, a Paar Instrument XRK 900 chamber was used to
control the reducing atmosphere (30 mL / min of 5% Hz in argon) and the
temperature (from 300 °C to 650 °C). Thermal expansion of the chamber is
adjusted by correcting the height of the sample at each temperature. Eva
software (Bruker) and the PDF-2 database were used for data treatment.

Surface chemistry

The attenuated total reflection (ATR) infrared spectroscopy spectra were
recorded on a PerkinElmer Spectrum two instrument in the range of 500 —
4000 cm™ at room temperature. A small amount of sample was placed over
the surface of the diamond crystal in the centre of the circular mounting plate
in the instrument.

Raman spectra at room temperature were recorded using Thermo Scientific
DXR Raman Microscope in the backscattering configuration with a 532 nm
green laser. A small amount of sample was placed in the centre of a microslide,
then another slide was gently pressed once on top of the sample and removed.
Then, the slide with sample was placed on the worktable of the Microscope.
The accumulation time and spot size of the laser used were 120 s and 865
nm, respectively, and a 50 x objective was used on an Olympus microscope.

X-ray photoelectron spectroscopy (XPS) analyses were carried out at room
temperature with an SSI-X-probe (SSX 100/206) photoelectron spectrometer
from Surface Science Instruments (USA), equipped with a monochromatized
microfocus Al X-ray source (1486.6 eV). Samples were set on the sample
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holders by double face adhesive tape. Charging effect of the samples were
eliminated by placing a nickel grid above the samples and using a flood gun
set at 8 eV. All the binding energies were calculated according to the C-(C, H)
component of the C 1s peak fixed at 284.8 eV. Data analysis was carried out
using CasaxXPS software, and the peaks were decomposed by
Gaussian/Lorentzian product formula GL(15) after a Shirley-type background
was subtracted.

Elemental analysis

Elemental analysis was carried out using ICP-OES Varian 720ES by analytical
and chemical consultancy services from MEDAC LTD (UK). The samples
were digested with 5 mL of nitric acid and 1 mL of hydrogen peroxide, then
the solutions were made up to a volume with 18.2 MOhm water and analysed.

The elemental analyses of solid carbon-based materials in chapter 4 were
determined by microgravimetry (weight loss associated with carbon
calcination), and the elemental analyses of Fe and Ni were carried out by an
ICAP 6500 thermoscientific spectrophotometer after acid digestion.

The amount of metal leaching during the catalytic tests in chapter 5 was
directly analysed in the products solutions by the same instrument as used in
chapter 4.

TEM-EDX elemental maps were obtained on a field emission gun (FEI) Osiris
TEM operated at 200 kV equipped with a CHEMISTEM detector (the probed
volume is 1 uym?). The samples were suspended in ethanol under ultrasonic
treatment. Three drops of the suspension were deposited on a holey carbon
film supported on a copper grid (Holey Carbon Film 300 Mesh Cu).

N2 sorption and H; - TPD analysis

The specific surface area of the catalysts was measured through nitrogen
adsorption-desorption isotherms, which was performed in a Micromeritics
ASAP 2020 analyser at 77 K. Before analysis, the samples (around 0.2 g)
were degassed for 2 h at 473 K with a heating rate of 10 K/min under 0.133
Pa pressure. The specific surface areas were calculated based on the
Brunauer-Emmett-Teller (BET) equation by analysis of the isotherms in a
relative pressure range of 0.05 to 0.2.

Hz-Temperature-programmed desorption (TPD) experiments were performed
on a Catlab equipment from Hiden (UK). Typically, a sample of ca. 60 mg was
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treated under a 30 mL / min flow of 5% H2/Ar at 300 °C for 1 h, and
subsequently cooled down to 50 °C. The same reductive atmosphere was
maintained for 1 h. After that, the sample was purged with pure Ar (30 mL /
min) for 1 h to eliminate the physical absorbed H2 and H>-TPD profiles were
recorded in flowing Ar in the temperature range 50 — 800 °C with a heating
rate of 10 °C/min.

TGA analysis

5-10 mg samples were placed in alumina containers and introduced in a
Mettler Toledo TGA/SDTA 851e instrument. Thermograms were recorded up
to 900 °C using a 10 °C/min heating rate under a N2 flux.
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Figure S1. High-resolution N 1s XPS spectra for Ni nanospheres (a),
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Figure S2. Nanospheres: bright-field images (left), corresponding SAED
images (middle), and the aperture rings and covered sections of diffraction
rings for DF images (right). The scales for bright-field images are the same

as with DF images reported in the main text.
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Figure S3. Nanorods: bright-field images (left), corresponding SAED images
(middle), and the aperture rings and covered sections of diffraction rings for
DF images (right). The scales for bright-field images are the same as with
DF images reported in the main text.
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Figure S4. Nanobead chains: bright-field images (left), corresponding SAED
images (middle), and the aperture rings and covered sections of diffraction
rings for DF images (right). The scales for bright-field images are the same

as with DF images reported in the main text.
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Figure S5. Pictures of the magnet-particles interactions. The dry powders
were simply contained in glass vials and were placed in a fixed position
under a strong permanent magnet. Patterns marked on the vials indicate the
types of samples, i.e., circle is nanospheres sample (left), cylinder is
nanorods sample (middle), and chain is nanobead chains (right).
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Figure S6. N2 sorption isotherms for nanospheres (a), nanorods (b),
nanobead chains (c). BET surface areas are given in the parentheses.
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Figure S7. Plots of Ln (1-x) vs t and linear fit curves at 140 °C (green), 150
°C (red) and 160 °C (black) of glucose hydrogenation reaction over
nanospheres catalysts (a), hanorods catalysts (b) and nanobead chains

catalysts (c).

3 ) -0.05
-0.104 N
-0.154 ~d y = -0.00007828x - 0 058279
4 SN R =0.095
. -0.204 S b N y = -0.0001039x - 0.12615
X 025] N ~ L R'=099
- . N
c -0.304 N ~
| 140 i e N
&« 150
-0.359 ¢ & .
-0404 2 Lnearnn N
— Linear fit
'045 T T u T v T T T
0 1000 2000 3000 4000 5000
t(s)
b) 0.00
-0.054
- l -
0.104 el
- - -." —
X A -
2-0.151 DY y = -0.00002266x - 0.0558
‘E 1 N R%=0.985
—-0.20+ . ]‘S‘g &< y=-0.0000427x-0.1191
1 a 160 ~ \EZ =098
-0.254 Linear fit ~ .
- = Linear fit ~
1 - - Linearfit i
-0.30 T y T T T
0 1000 2000 3000 4000 5000
t(s)
0.00
c)
-0.054
-0.104 N
? 4 e - y = -0.00004162x - 0.0885
« -0.154 RN ~e R’ =0998
S F 3 - -
5 -0.20 140 Ta - R
s 150 S S
A 180 ~ ~ e
-0.25 Linear fit Lo
~ — Linearfit y = -0.00804417x - 0.1153
— — Linear fit R’ = 0997
-0.30 T T T T T
0 1000 2000 3000 4000 5000

t (s)

153



Supporting information

Figure S8. Ni grain size calculated by Scherrer equation growth with
reduction temperature.
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Supporting information

Figure S9. N2 sorption isotherms for CB-500, CB-550, CB-650 catalysts.
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Supporting information

Figure S10. Sorbitol selectivity vs the Ni particle size of the applied catalysts
(a) and metallic Ni content in the applied catalysts (b). The glucose

156

70

w
o

Sorbitol Selectivity (%)
S S

—_
o

60

conversions are indicated in the brackets.

; o ;
| ol op e
."ICB-GOG Gosoo 3
C§—550 (321 % ) / CB-550
] [(331%) /
| ;' i
; CB-650 :CB-650
[ (25.8% ) !
| ! |
1 N
{ }-'CB-500 (22.7%) :CB-500, §

CB-400 (21.8%) CB-400

"8 12 16 20 24 10 20 30 40 50 60
Size (nm) Metallic Ni (%)




Supporting information

Figure S11. XRD patterns of GNP, GNP-300, GNP-450, GNP-550 and
GNP-650 catalysts.
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Supporting information

Figure S13. Nz sorption isotherms for GNP-450, GNP-550 and GNP-650

catalysts.
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Supporting information

Figure S14. Glucose conversions over GNP-450, GNP-550 and GNP-650
catalysts after 2 h reaction.

25

[

_

N
o
1

-
()]
1

Conversion (%)
o

(&)}
1

GNP-450 GNP-550 GNP-650
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Supporting information

Figure S16. N2 sorption isotherms for CB (a), Fe/CB (b), Ni/CB (c), FesNi/CB
(d), FeNi/CB (e), FeNis/CB (f).
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Supporting information

Figure S17. Pseudo-first order fitting of kinetic curves for Fe/CB, Ni/CB,
FeNi/CB, Fe/CB+Ni/CB catalysts in glucose hydrogenation at 140 °C, 30 bar
H2, and 1700 rpm reaction conditions.
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