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Abstract

Controlling product selectivity of cascade reaction is as important as improving
efficiency in chemical synthesis. Selective oxidation of 5-hydroxymethyl-furfural
(HMF) with O2 over a bimetallic alloy based catalyst to yield 2,5-furandicarboxylic
acid (FDCA) is a cascade reaction comprising of several reaction steps. Incomplete
oxidation and over oxidation of reactant molecule or intermediate compounds result
in different by-products and decrease the selectivity of the target product. In this study,
AgPd alloy nanoparticles (NPs) on CeO- nanofibre support were prepared and applied
as catalysts to HMF oxidation reaction at mild reaction conditions. The product
selectivity of the HMF oxidation over the catalyst with Ag:Pd ratio of 1:1, can be
switched simply by reaction temperature change. An excellent FDCA (cascade end
product) yield can be achieved at 20 °C, while 5-hydroxymethyl-2-furan carboxylic
acid (HMFCA, an intermediate) is obtained as the main product at 80 °C. This finding
demonstrated that the final oxidation product, FDCA, favours a low reaction
temperature on the alloy catalyst surface. The surface Pd sites catalyse both the
oxidation of HMF and the formation of by-products, depending on the site size and
reaction temperature. The configuration of small Pd clusters segregated by small Ag
clusters on the surface of spherical alloy NPs significantly accelerates the oxidation of
both alcohol group to carbonyl group and carbonyl group to carboxyl groups at 20 °C
without the formation of large molecule. The further heating drives the side reactions
to form undesired by-products (large compounds) at 80 °C, and these by-products
impede the reaction at HMFCA oxidation step. The surface configuration of the alloys
and reaction temperature can be optimised to selectively catalyse the oxidation of the

two functional groups.
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Chapter 1: Introduction

1.1 BACKGROUND

Due to the worldwide increase in the consumption of fuels and chemicals, the
chemical industry relies heavily on consuming fossil fuel-derived petrochemicals to
produce these fuels and chemicals (Gallezot, 2012). However, these resources are non-
sustainable and cause adverse effects on the environment (Goswami et al., 2016).
Therefore, exploring efficient processes for the conversion of sustainable resources to
fuels and chemicals is of great significance for the development of chemical industry
(Cormaetal., 2007). Biomass is considered as one of the potential renewable resources
to generate fuels and chemicals due to its abundant production with 170 billion metric
tons per year (Gallezot, 2012). Furthermore, biomass also plays an important role in
carbon balance due to its availability as an organic carbon resource (Morais et al.,
2015).

Recently, many researchers have focused on developing new methods to achieve
the synthesis of valuable chemicals and fuels from biomass (Corma et al., 2007;
Alonso et al., 2010; Hanson et al., 2015; Addepally and Thulluri, 2015; De Clercq et
al., 2017; Wang and Wang, 2019). Among them, oxidation of biomass or biomass-
based chemicals to valuable chemicals has attracted considerable attention. 5-
hydroxymethyl-furfural (HMF), a chemical drived from sugar and cellulose, is one of
the most useful platform molecules (Zhao et al., 2007; Li et al., 2011; Kang et al.,
2019). As shown in Figure 1.1, selective oxidation of HMF can produce a series of
valuable chemicals such as FDCA, DFF, HMFCA and FFCA. Among these chemicals,
FDCA is one of the most important platform chemicals (Werpy et al., 2004), which is
a monomer in the production of polymers (Jacquel et al., 2015; Rajendran et al., 2015
and Wilsens et al., 2015). The production of polyethylene 2,5-furandicarboxylate (PEF)
from FDCA represents a key application in this regard since PEF is a degradable bio-
based polymer from renewable raw materials and is more thermally stable compared
with its analogue TPA-based PET (Van Nguyen et al., 2016; Zhu et al., 2016). FDCA
can also be applied in organic synthetic processes including the synthesis of succinic
acid and 2,5-dihydroxymethyl tetrahydrofuran, which are precious chemicals
themselves (Zhang and Deng, 2015).

Bimetallic alloy based catalyst design for aerobic oxidation of 5-hydroxymethyl-furfural 1
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Figure 1. 1 Scheme of selective oxidation of HMF. The oxidation involves three
steps (Delidovich et al., 2016).

1.2 THE RESEARCH GAP

The synthesis of FDCA from HMF involves electrocatalytic, biocatalytic and
thermal catalytic methods. Compared with electrocatalytic and biocatalytic methods,
conventional thermal catalytic oxidation of HMF has several advantages such as
higher selectivity to FDCA and the relative ease of scaling up the process to industrial
levels (Zhang and Deng, 2015; Sajid et al., 2018). There are still opportunities to
achieve high FDCA vyield by developing new catalyst and optimizing reaction
conditions. Therefore, most researchers have focused on this method. Considerable
progress has been achieved in synthesis of FDCA from HMF over various metal
supported heterogeneous catalysts such as Au, Pt, Pd, Ru or their alloys in the presence
of bases (Sankar et al., 2012). However, almost all catalytic pathways require a high
reaction temperature or high O, pressure. These reaction conditions certainly require
a large amount of energy consumption, which can promote the yield of undesired by-
products and cause a safety concern. Therefore, developing novel catalysts for
oxidation of HMF under mild conditions is of great importance for the industrial
production of FDCA.

1.3 AIMS OF THE PROJECT

In recent years, alloy catalysts has been shown to exhibit distinctly different
product selectivity from the catalysts of the single component metal in several systems
(Sarina, et al. 2013, Xiao et al. 2016, Peiris et al. 2019). Inspired by the experience,
this project aims to develop bimetallic alloy nanoparticles (NPs) catalysts that can
harness their structural synergy to catalyze oxidation reactions and significantly

improve the reaction efficiency and product selectivity. Literature shows that Ag
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catalyst exhibits efficient and high selective oxidation of HMF to HMFCA in basic
conditions. However, Ag based catalysts cannot catalyze the oxidation of the alcohol
side-chain of HMFCA to aldehyde side-chain of FFCA. Pd catalyst was able to
catalyze the oxidation of the alcohol side-chain of HMFCA to aldehyde side-chain of
FFCA. However, the catalytic process required elevated temperature and the reaction
rate was low (Zhang et al., 2015, An et al., 2019). Ag and Pd atoms have similar size,
are infinitely miscible, and both exist as face-centred cubic crystals in the alloy. Hence,
it should be feasible to tune the surface configuration of AgPd alloy particles to
regulate the reaction rate and pathway. There has been no report yet on AgPd alloy
catalyst used for the oxidation of HMF. This study will explore the possibility of Ag
based catalysts for the selective oxidation of HMF to FDCA and investigate the
possibility of selective oxidation of HMF to FDCA at room temperature and pressure.
The knowledge obtained in this study may inspire the design of efficient catalysts for
application to selective oxidation of different functional groups in many different

reactants.

1.4 RESEARCH OBJECTIVES

To achieve the optimum catalytic performance of the alloy catalyst for

selective oxidation of HMF to FDCA, this project will :

(1) Prepare various AgPd alloy catalysts supported on different metal oxide
materials and investigate their catalytic activity. The alloy catalyst is prepared via an
impregnation—reduction procedure using NaBHs as the reducing agent. CeO:
nanofibre is selected as the supporting material for the alloy, as the fibril support is not
only good for the diffusion of reactant and product but also strongly binds noble metal
NPs and adsorbs O> (Huang et al., 2005; Montini et al., 2016; Lei et al., 2020).

(2) Explore the influence of various reaction parameters like pH, reaction
temperature, and reaction atmosphere on the selectivity of FDCA to achieve the

catalytic process under mild reaction conditions with high TON.
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(3) Explore the mechanism of the oxidation of HMF in the AgPd catalytic

system, with regard to:

(a) Kinetic studies on the conversion of HMF to FDCA over AgPd catalysts
with various Ag:Pd ratio were conducted to confirm the reaction pathway of

this catalytic process.

(b) The oxidation of various intermediates as substrates during the oxidation
of HMF using AgPd, Ag and Pd catalyst were explored, respectively to

confirm the active sites for each oxidation step on AgPd alloy catalyst

(c) The effect of the surface configuration of the alloys were studied through
TEM analysis and DFT calculation.

(d) Investigate the influence of the composition of AgPd alloy with different
Ag:Pd ratio ranged from 1:5 to 5:1.

(4) Examine the catalyst deactivation and reusability of AgPd catalysts for

the oxidation of HMF to FDCA will be examined and the spent catalyst.
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Chapter 2: Literature Review

2.1 5-HYDROXYMETHYL-FURFURAL (HMF)

HMF, a common dehydration product of hexose carbohydrates, is listed as top
10+4 biobased chemicals by US Department of Energy (Werpy et al., 2004) due to its
high utility in the synthesis of many valuable fuels and chemicals as shown in Figure
2.1. For example, 2,5-dihydroxymethylfuran (DHMF) can be obtained by selective
hydrogenation of HMF (Roméan-Leshkov et al., 2007; Verevkin et al., 2009; Chatterjee
etal., 2014; Elangovan et al., 2016). while the selective oxidation of HMF can generate
FDCA (Delidovich et al., 2016).
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Figure 2.1 Catalytic conversion of HMF into various valuable products (Kong
etal., 2018).

The synthesis of HMF has a long history and it can be generated by consecutive
dehydration of hexoses. As shown in Figure 2.2, Anet (1964) reported a possible
pathway of dehydration of hexoses to HMF. Following the effort of Anet, more
intermediates were identified via different hexoses to obtain HMF, which provide

various transformation pathways for the synthesis HMF (Moreau et al., 1996 and
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Jadhav et al., 2011). Recently, the conversion of glucose and fructose into HMF has

become an emerging pathway due to the cheap and rich feedstock in food (Zirbes et

al., 2013). However, the side-reactions that generate by-products, such as levulinic

acid and formic acid impede scaling-up the process to industrial level (Caes et al.,

2015).
CHO CHOH CH,OH
H——OH L oH o
HO——H HO——H HO——H
H——OH H——OH H——OH
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wA l -Hzo /
CHO CHO CHO
-I—H -H20 - H H——H
—H H——OH H——OH
H——OH H——OH H——OH
CH,OH CH,OH CH,OH
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-H,0

HO O
O

\ / H
HMF

3-Deoxyglucos-2-ene

3-Deoxyglucosone

Figure 2.2 Proposed way for the dehydration of hexoses to HMF (Anet, 1964).

2.2 2,5-FURANDICARBOXYLIC ACID (FDCA)

FDCA is considered as a chemical building block (Bozell and Petersen, 2010;

Bomtempo et al., 2017). It has been utilized for producing high-value chemicals

(Figure 2.3) and biochemicals such as succinic acid, fungicides, thiolene films and
macrocyclic ligands (Richter and Lash, 1999; Zhang et al., 2015; Larsen et al., 2018).
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It can also be used as a precursor to produce polyethylene terephthalate (PET) (Davis
etal., 2012; Van Nguyen et al., 2016) and surfactants (van Es et al., 2013). The use of
FDCA to produce monomers like 2,5-furandicarboxylic dichloride (FDCDCI) and
synthesis of nylons have been discussed by Sajid et al (2018). With the potential of
wide-range of applications, FDCA has been listed as the top 12 value-added chemicals
by the US Department of Energy (Werpy et al., 2004).
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b) Ho” (" o

2,5-Dihydroxymethyl o] (o]

o) Tetrahydrofuran o) -
Ho” () o o \/ do

2,5-Bis(hydroxymethyl)
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0} O

Q fo) g Etherification O Decarbonylation ? (o) (o)
avg wo” L on o ) O

FDCA-ester Furanic Acid Furan

2,5-Bis(aminomethyl) HO
Tetrahydrofuran OH Adipic Acid

Succinic Acid

Figure 2.3 Chemicals derived from FDCA (Hameed et al., 2020).

FDCA synthesis was first reported in 1876, where mucic acid was dehydrated
over strong acid catalysts (Fittig and Heinzelmann, 1876). However, the low
selectivity to FDCA (<50%) and the high price of mucic acid made this process not
commercially viable (Nagarkar et al., 2012). Oxidation of furfural to FDCA was
discussed as a substitute method for FDCA synthesis (Gonis and Amstutz, 1962).
However, the FDCA vyield was low due to the complex reaction pathways that
generated many by-products along the different reaction steps. Recently, selective
oxidation of HMF into FDCA has been explored and considered as an environmentally
benign and economical process for the production of FDCA. The oxidation can be

achieved with many catalysts including homogeneous and heterogeneous catalysts,
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and biocatalysts (Dijkman et al., 2014; Zhang et al., 2015; Nam et al., 2018; Xuan et
al., 2018; Yan et al., 2018).

2.3 CHEMICAL OXIDATION OF HMF TO FDCA

Although electrochemical and biocatalytic oxidation HMF to FDCA has been
reported recently (Dijkman et al., 2014; Cha and Chio, 2015), the synthesis of FDCA
has been mainly carried out by oxidation over heterogeneous catalytic under heating.
(Zhang and Deng, 2015). Compared with homogeneous catalyst, heterogeneous
catalysts have drawn much more attention due to its ease of catalyst recycle and high
throughput. Therefore, heterogeneous catalytic processes have a greater potential

value for commercial production of FDCA from HMF.

24 CATALYTIC SYNTHESIS OF FDCA FROM HMF OVER SUPPORTED
NOBLE METAL CATALYSTS
Recently, many studies on the oxidation of HMF over noble metal catalysts have
been reported. Supported Pt, Pd, Au, and Ru catalysts were the main metal catalysts
for FDCA production from HMF using oxygen as oxidant (Sankar et al., 2012).

Features of the catalysts with each of the mentioned noble metals are briefed below.

4.3.1 Synthesis of FDCA from HMF over supported Pt catalysts

Pt was reported as one of the earliest heterogeneous metal catalysts for the
production of FDCA from HMF. In 1993, Verdeguer and co-workers found that with
the addition of Pb, Pt-Pb/C catalyst showed greater catalytic activity with the yield of
99% FDCA within 2 h whereas Pt/C catalyst only achieved 81% yield of FDCA under
the same condition(Verdeguer et al., 1993). They also discovered that HMFCA was
the main intermediate of HMF oxidation, indicating that the reaction path was through
oxidation of carbonyl group firstly. Similarly, Bi was also used to enhance the catalytic
performance of Pt/C catalyst (Rass et al., 2013). Rass and their co-workers found that
the Pt-Bi/C catalyst had better stability than Pt/C catalyst, which was attributed to its
high resistance to oxygen poisoning and less metal leaching with the incorporation of
Bi. Beside carbon support, metal-oxide supports were also investigated. For example,
Vinke et al. found more than 99% FDCA was formed over Pt/Al,O3 catalyst at 60 °C
within 6 h (Vinke et al., 1990). Similar to Pt-Bi/C catalyst, Pt supported on CeO> with
the addition of Bi also showed excellent catalytic performance on selectivity and
stability than Pt/CeO2 (Miao et al., 2015).

8 Bimetallic alloy based catalyst design for aerobic oxidation of 5-hydroxymethyl-furfural



4.3.1 Synthesis of FDCA from HMF over supported Pd catalysts

Supported Pd catalysts were also widely applied in the selective oxidation of
HMF (Table 2.1). David and co-workers found that Pd/C catalyst showed the
comparable performance for the oxidation of HMF under a high O pressure
atmosphere (690 kPa), giving complete conversion of HMF with a 71% FDCA vyield
within 6 h (Davis et al., 2011). Later, another group developed a method to prepare
uniform PVP-stabilized Pd NPs (Pd/PVP) and Pd NPs achieved the highest FDCA
yield of 90% with a mean diameter of 1.8 nm under the reaction conditions at 90 °C
(Siyo et al., 2014). At lower temperature (70 °C), HMFCA was the main product as
the reaction rate of oxidation of FFCA to FDCA was slower than that at 90 °C,
indicating the reaction temperature is a key factor for the oxidation of HMF. Based on
this report, Siyo et al further studied the influence of support and various metal oxide
supports such as TiO2, Al.O3, ZrO,/La>0s were used (Siyo et al., 2014). Among them,
ZrO»/La203 was observed to show the highest performance for the oxidation of HMF
with FDCA vyield of 90%. Recently, the facet effect of Pd on the selectivity of FDCA
was studied by Lei and co-workers (Lei et al., 2016). The size controllable single-
crystalline Pd nanocrystal with the plane (111) and (110) was synthesized as the
catalyst and they found that Pd-NOs (Pd nanooctahedrons) with the plane (111) were
more active than Pd-NCs (nanocubes) with the plane (110) for the production of FDCA.
Through the analysis of density functional theory (DFT), they found that the higher
catalytic activity of Pd-NOs was due to the lower energy barrier in the oxidation of
HMFCA to FFCA step. These reported results also indicate that it is a challenge to
achieve high FDCA yield at room temperature and in 1 bar O,. The synthetic processes
at elevated temperatures and under high O pressures consume more energy, which is

contrary to the view of green chemistry.
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Table 2. 1 Heterogeneous Pd based catalysts reported in the literature for
selective synthesis of FDCA from HMF in a base solution

Entry Catalysts Reaction condition FDCA Yields Ref.
(%)

1 Pd NOs 4 equiv NaHCOs, 100°C, 1 91.3 Lei et al.,
bar Oy, 4 h 2017

2 v-Fe203/HAP- 0.5 equiv NaHCO3, 100°C, 1 92.9 Zhang et al.,
Pd(0) bar Oz, 6 h 2015

3 C/Fe30./Pd 0.5 equiv KoCOs,80°C, 1 bar 91.8 Liu et al.,
0, 4h 2015

4 Pd/ZrO,/La;0s 5 equiv NaOH, 100°C, 1 bar 90.0 Siyo et al,
02,8h 2014

5 Pd/C 2 equiv NaOH, 22°C, 7 bar 71.0 Davis et al.,
O2,6h 2011

6 Pd NPs 8.5 equiv NaOH, 90°C, 1 bar 90.0 Siyo et al,
Oz 7h 2014

7 Pd/C/Fes04 1 equiv K,COs;, 80°C,1 bar 86.7 Mei et al,
0, 6h 2015

4.3.1 Synthesis of FDCA from HMF over supported Au catalysts

In 1980s Au was reported as an effective catalyst for the oxidation of carbon
monoxide, which attracts much attention (Hutchings, 1985; Harute et al., 1987). Since
then, it has been applied in other oxidation reactions such as the oxidation of HMF to
yield FDCA. Like the Pd and Pt based catalysts, support influences the catalytic
performance of Au catalysts. Corma et al discovered that Au supported on TiO, and
CeO2 showed great catalytic activity than that supported on carbon or Fe2O3, and 99%
FDCA yield was achieved over Au/TiO, and Au/CeO: catalysts after 8 h reaction at
130 °C under 10 bar Oz with 4 equiv. of NaOH (Casanova et al., 2009). According to
this study, the interaction between Au and CeO: played a role in the oxidation of
alcohol group due to hydride transfer from the C-H bond to Ce** and Au* spaces of

Au/Ce0O». Yang and co-workers found that compared with Au/CeO: catalyst, the
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addition of Bi to CeO> could greatly enhance both the O adsorption and hydride
transfer of CeO,, thus enhancing the catalytic activity for the formation of FDCA.
More importantly, they found that Au/Ceo9Bio.102-5 catalyst was much more stable
than Au/CeO> catalyst (Miao et al., 2015). Xu and co-workers also found that the
supports play an important role for Au catalysts on oxidation of HMF (Cai et al., 2013).
Recently, Wang and co-workers proposed a new Au/CNT catalyst for oxidation of
HMPF, which can be carried out in the absence of a base. However, the reaction was
carried out at elevated temperature and 5 bar O, (Wan et al., 2014). The mechanism of
oxidation of HMF to FDCA over Au catalyst was reported by Davis et al (Davis et al.,
2012). To investigate the role of O, they carried out the reaction by using isotope
labelled 80, as oxidant, but they were not able to find 0 from HMFCA or FDCA,
indicating that O> was not directly involved in the reaction. Further experiments by
isotope labelling technology confirmed that the O of HMFCA and FDCA comes from
H20. Upon their finding they have confirmed that the oxidation of HMF into FDCA
involves 5 steps (Figure 2.4). In the first step, HMF is converted into geminal diol
intermediate via reversible hydration. Then, HMFCA is formed through
dehydrogenation of geminal diol. In the third step, the oxidation of alcohol group to
carbonyl group was then achieved with hydroxide ions adsorbed on the catalyst surface.
The next two steps involve the oxidation of FFCA to FDCA, which were expected

through the same way as the formation of HMFCA from HMF.
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Figure 2.4 Proposed mechanism for the oxidation of HMF over Au in the
presence of bases (Davis et al., 2012).

4.3.1 Synthesis of FDCA from HMF over supported alloy catalysts

Initially, Ru was used for the formation of DFF from HMF oxidation (Nie et
al., 2013). Recently researchers have found at the lower base or base free conditions,
Ru showed great catalytic performance for the oxidation of HMF to FDCA (Yi et al.,
2016; Mishara et al., 2017; Pichler et al., 2018). Yi and co-workers found that the
base type has a great effect on the yield of FDCA. Weak alkali CaCO3 showed better
selectivity to FDCA compared with strong alkali NaOH, which was attributed to the
degradation of HMF at the high base condition. Many Ru-metal oxides catalysts
were also applied for the oxidation of HMF to FDCA. Among these catalysts,
Ru(OH)x/HT (Hydrotalcite) showed the best performance, with almost 100% FDCA
yielded after 6 h at 140 °C.
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2.5 THE IMPACT OF BASE AND OXYGEN

Base and oxygen atmosphere are the most important factors for the oxidation of
HMF to FDCA. It was reported that the product selectivity depends on pH. Zope et al
found that the oxidation product from alcohol were primarily the intermediate
aldehyde instead of acids in the absence of base. Due to the adsorbed hydroxide on the
metal surface, C-H and O-H bonds activation become much effective, thus explaining
the role of base (Zope et al., 2010). In addition, David et al also found that base (OH")
can promote O-H and C-H bond activation of the alcohol side-chain of HMF and
obtained aldehyde intermediate HMFCA and finally formed FDCA (Davis et al., 2012).
The role of molecular oxygen in the oxidation of HMF is not obvious. Based on
isotopic labelling studies from different research groups, it was believed that O, did
not incorporate into the products. Instead, O. served as a scavenger of electrons
deposited on the metal particles during the reaction. (Zope et al., 2010; Davis et al.,
2012; Lei et al., 2016).

26 SUMMARY

In summary, FDCA is a very valuable platform chemical and can be applied in
many fields. Although the key factors such as base and O. have been extensively
investigated, it is still challenging to achieve the FDCA synthesis under mild
conditions using metal catalysts. Due to this big research gap, it is worth developing a
new catalytic system for the selective oxidation of HMF to FDCA under mild

conditions.
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Chapter 3: Research Design

3.1 METHODOLOGY AND RESEARCH DESIGN

The research methodology to achieve the research objectives are discussed under

three main stages.

4.3.1 Synthesis of metal catalysts supported on CeO2 nanofibre

€ CeO; nanofibre was synthesized through hydrothermal reaction by controlling
the temperature and concentration of base added (NaOH). The shape of CeO, was
characterized with TEM.

@ The catalysts were synthesised by an impregnation-reduction procedure and
the size of the catalyst was controlled, adding only small amounts of an aqueous
NaBHs solution dropwise. The size ranges, morphologies, and compositions of
the CeO> support, as well as the catalyst samples, were characterised by SEM,
TEM and XRD.

4.3.1 Selective aerobic oxidation of HMF to FDCA

€ The influence of catalysts on the conversion of HMF to FDCA was investigated.
AgPd alloy supported on various metal oxide catalysts for the oxidation of HMF

were tested and all results measured by HPLC-MS. Based on the results

€ The reaction conditions over AgPd catalyst, such as the reaction temperature,
atmosphere, concentration of the base and alloy compositions were optimized and

the results were analysed by LC-MS.

@ The reusability of AgPd catalyst was also studied over several reaction cycles
and the used catalyst was characterized by TEM, UV-visible spectra, XPS and
XRD.

4.3.1 The reaction mechanism of this conversion

@ A series of control experiments were conducted to study the mechanism of the
reaction and understood the alloy effect. Calculation of adsorption energy of
organic species on the catalyst was conducted using the method of density

functional theory.

14
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3.2 PARTICIPANTS

This research work was conducted by the candidate, Y. C. Jin and included
setting up experiments, collection of results, data analysis, writing manuscript and
thesis. Dr H. W. Liu assisted me in TEM analysis. Prof. J. F. Jia performed the
calculation of adsorption energy for this work. Dr W. Martens and A/Prof. E. R.
Waclawik assisted me in reviewing the manuscript. My supervisory team assisted in

experiment design and editing of the manuscript before submission.

3.3 ETHICS AND LIMITATIONS

The project does not involve research into humans, animals, genetically

modified organisms or biosafety materials.
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Chapter 4: Experimental Section

4.1 Materials

HMF, FFCA, FDCA and sodium borohydride (NaBHa4) were purchased from
Aladdin Chemistry Co. Ltd. HMFCA, PdCl,, AgNOz were purchased from Sigma-
Aldrich and used as received without further purification. The water used in all of

experiment was prepared by passage through an ultrapurification system.
4.2 Preparation of catalysts

CeO: fibre. the CeO> support was prepared via reported method[1]. NaOH
pellets and Ce(NOz)3-6H.0 (both are AR grade and from Aldrich) were used in the
synthesis. In a typical way, 1.302 g of Ce(NO3)3-6H>0 was dissolved in 7.5 ml
deionized water, and 14.4 g NaOH was dissolved in 52.5 ml of respectively. Then
the mixture was transferred in a stainless autoclave with a poly (tetrafluoroethylene)
(PTFE) container and was maintained at 100 °C for 24 h. Upon leaving the solution
cool to room temperature, the solid was recovered from the autoclaved mixture,
rinsed with water and ethanol several times. Finally, the results were dried at 50°C

for 1 day.

Ag-Pd/CeO- Catalysts. Catalysts of alloy NPs with various Ag:Pd ratios on the
CeO2 support were prepared via an impregnation—reduction procedure as described
in our previous paper.[2] For example, 1.5 wt% Ag-1.5wt %Pd/CeO- was prepared
by the following procedure: 2.0 g CeO2 powder was dispersed into 15.2 mL of 0.01
M AgNO3 aqueous solution and 28.3 mL of 0.01 M PdCI;, aqueous solution was
added while magnetically stirring. To this suspension, 15 mL of 0.6 M NaBH4
solution was added dropwise in 60 min. The mixture was aged for 24 h and then the
solid was separated, washed with water (three times) and ethanol (once), and dried at
60 °C. The dried solid was used directly as the catalyst. Catalysts with other Ag:Pd
ratios were prepared in a similar method but using different quantities of AQNOs3
aqueous solution and PdClI, aqueous solution. The obtained catalysts were labelled as
AgxPdsx (e.9., Ag15Pd15/CeO> contains 1.5 wt% Ag and 1.5 wt% Pd).
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4.3 Catalyst characterization

The sizes, morphologies, and compositions of the catalyst samples were
characterised by Transmission Electron Microscopy (TEM) using a JEOL 2100
transmission electron microscope equipped with a Gatan Orius SC1000 CCD camera
and an Oxford X-Max EDS instrument. The metal contents of the prepared catalysts
were determined by Energy Dispersion X—ray Spectrum (EDS) technology on JEOL
7001F with oxford EDS detector using Aztec software. The X-ray Diffraction (XRD)
was recorded on a Rigaku smartlab X-ray diffractometer with Cu Ko radiation of
1.5418 A. DR-UV-vis spectra of the samples were obtained using a Varian Cary
5000 spectrometer.

4.4 Catalytic reaction

A 20 mL Pyrex glass tube was used as the reaction container, and after the
reactants and catalyst had been added, the tube was bubbled with O> for 5min and
sealed with a rubber septum cap. All the reactions were conducted using an oil bath
placed above a magnetic stirrer to control the reaction temperature and the
temperature of the oil bath is 20 °C. The reaction was under stirring, and the start
time was recorded. 2 mL aliquots were collected, centrifuged, and then filtered
through a Millipore filter (pore size 0.45 pum) to remove the catalyst particulates. The
filtrates were analysed by high performance Liquid Chromatography (Dionex
Ultimate HPLC) and LTQ Orbitrap Elite Mass Spectrometer.

The adsorption experiment was performed by addition of 50 mg
AgQ15Pd15/CeO2 catalyst into 10 mL of aqueous solution containing 7.5 mg fulvic
acid. The suspension was stirred for 30min at room temperature. The amount of

fulvic acid adsorbed on the catalyst was measured by UV-visible spectra.

45 ANALYSIS

The results of oxidation of HMF were analysed by high performance liquid
chromatography (Dionex Ultimate HPLC) and LTQ Orbitrap Elite Mass Spectrometer
(LC-MS) at 30 °C using a C18 column and a UV detector to measure the concentration
change of reactants and products. The mobile phase consists of 0.4% formic acid in
water, and pure acetonitrile (60:40, v/v) at flow rate of 0.4 mL/min was used. The
absorption wavelength of the UV detector was set to 260 and 280 nm.
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The commercial standard compounds (HMF, HMFCA, DFF, FFCA, FDCA)
were purchased as standards to identify the products of HMF oxidation by comparing
their retention time. The conversion of HMF and the product yields have been
calculated by the external standard method using HPLC. The HMF conversion and

HMFCA vyield were calculated as follows:

Conversion % = HMF mole after the reaction/HMF mole before the reaction x
100%.

Yield % = Product mole after the reaction/HMF mole before the reaction x
100%.

The speed of reaction was calculated according to the reported method (Ait Rass
et al., 2015). Equations 1—4 give the rate equations for each species consumed and
formed, where Cumr, Chmrca, Crrca, and Crpca are the concentrations of the
participating reactants and products, and ki—ks are the catalytic constants of each
reaction step (Scheme 4.1). To estimate the kinetic parameters of different oxidation
steps, the typefitting of MATLAB was used.

HMFCA FFCA FDCA
o Catalyst o Catalyst o Catalyst o
“@/4 W W |8
Step I Step Il Step 1]

Scheme 4.1. Scheme of selective oxidation of HMF. The oxidation involves
three steps (Delidovich et al., 2016).

dC,, :
;‘E =k Conr

(2)
dq;fm = k,C mr—k,Cogres
dcC
% = k:CHY‘WCA - k3CFFCA (3)
dcC
% = k3CFFCA )
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Chapter 5: Results and Discussion

Chapter 5 is provided in 4 parts to match the objective of this study:

e Screening - Research Objective 1
e Reaction parameters - Research Objective 2
e Mechanism study - Research Objective 3

e Reusability — Research Objective 4

5.1 SCREENING - RESEARCH OBJECTIVE 1

The screening tests for the oxidation of HMF was shown in Table 5.1, an

excellent yield (93%) of FDCA was achieved over Agi.5Pd;s5/CeO> catalyst with 4 h.

Only a small amount of intermediates were detecte. The control experiment showed
that the yield decreased to 45.7% and 0% when the reaction was conducted over
Pdso/CeO2 and Agso/CeO> catalysts while other reaction conditions were identical.

This confirms that Ag-Pd alloy NPs significant enhanced reaction performance. To

investigate the parameters of the reaction, catalyst composition (Figure. 5.1), catalyst

support materials (Figure. 5.2), base concentration (Figure. 5.3) and atmosphere

(Table 5.2) were studied.

Chapter 5: Results and Discussion
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Table 5.1 Catalyst screening for the selective oxidation of HMF 2

HMF 0O HMFCA O 0O FFCA © O FDCA ?
ho” X 0 SN Catalyst =0 0 Ve on Catalyst - ~ o A OHCatalysth_Ho I o} N | -
Entry Catalyst HMF HMFCA FFCA FDCA TONP(Pd)

conv. (%) yield(%) yield (%)  vyield (%)

1 Ag15Pd15/CeO, 100 3.0 0 93.0 49.2
2 Pd30/CeO; 100 38.1 16.1 45.7 12.2
3 Pd15/CeO> 100 35.0 10.0 20.0 10.6
4 Agz0/CeO2 100 70.0 0 0 0
5 Ag15/CeO; 100 75.0 0 0 0
6 Ce0O; 100 2.5 0 0 0
7 No catalyst 100 0 0 0 0

& Reaction conditions: HMF (0.15 mmol), 20mg catalysts, NaOH (0.4 mmol), 3 mL of
the solvent H20, 20 °C, 4 h under an 1 bar oxygen atmosphere. ® TON was calculated

based on the amount of Pd.

5.2 REACTION PARAMETERS - RESEARCH OBJECTIVE 2

As shown in Fig 5.1, a series of catalysts with different contents of AgPd alloy
NPs supported on CeO> were prepared. These catalysts were labeled as AgxPds (e.g.,
AQ15Pd15/CeO2 contains 1.5 wt% Ag and 1.5 wt% Pd). 3.0 wt% AgPd alloy
(Ag15Pd15/CeO2) exhibited the best catalytic performance for the oxidation of HMF.
As the alloy content of the catalyst increased from 1% to 3 wt%, the FDCA vyield
increased from 6.7% to 67.5% after 3 h reaction. When the content increased from 3
wit% to 5 wt%, the FDCA vyield is still lower than that achieved on Ag15Pd1s5/CeO>

catalyst.
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Figure 5.1 Product selectivity for the oxidation of HMF on AgPd/CeO, with
various total metal loadings (Ag:Pd ratio =1). Reaction conditions: HMF (0.15 mmol),
20 mg catalysts, NaOH (0.4 mmol), 3 mL of the solvent H>O, 20 °C, 3 h under an 1
bar oxygen atmosphere.

Ag-Pd alloy NPs was further supported on different materials (Figure. 5.2). CeO>
showed the highest catalytic activity with the highest yield of FDCA (93%). This is
due to CeO:- fibril support is not only good for the diffusion of reactant and product
but also strongly binds noble metal NPs and adsorbs O> (Huang et al., 2005; Montini
et al., 2016; Lei et al., 2020). These properties benefit the catalytic performance for
the selective oxidation using O as oxidant and stability of the catalysts. Figure 5.3
shows that the FDCA yield increased with the amount of NaOH increased. With no
addition of base, the reaction rate of oxidation of HMFCA was extremely lower, which

was consistent with the previous literature (Davis et al., 2012).
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Figure 5.2 Catalytic performance of AgisPdis alloy nanoparticles loaded on
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Figure 5.3 Effect of base concentration on the conversion from HMF to FDCA.
Reaction conditions: HMF (0.15 mmol), 20 mg catalyst, varied amount of NaOH, 3
mL of the solvent H20, 20 °C, 4 h under a 1 bar oxygen atmosphere.
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The results listed in Table 5.2 show the effect of the atmosphere on the yield of
FDCA. In an oxygen atmosphere an FDCA yield of 93% with the HMF conversion of
100% was achieved. However, in air or argon, a much lower FDCA yield (41.8% or
8.5%) was obtained. The results indicate that oxygen is the oxidant for the conversion
from HMFCA to FDCA, which is consistent with the results reported in the literature
(Hayashi et al., 2019; Xu et al., 2017). According to the study of Davis and Gorbanev,
an oxygen free atmosphere, HMF was simultaneously oxidised to HMFCA and
reduced to BHMF in basic reaction medium via the Cannizzaro reaction, and no FDCA
was obtained over Au and Pt catalyst, which also indicates that FDCA cannot be

obtained under oxygen-free condition (Davis et al., 2012; Gorbanev et al., 2009).

Table 5.2 Effect of atmosphere on the selectivity of FDCA

Entry Atmosphere HMF HMFCA FFCA FDCA yield
conversion yield (%) yield (%) (%)
(%)

1 1 bar O2 100 3.0 0.0 93.0

2 1 bar Air 100 54.0 0.0 41.8

3 1 bar Ar 100 81.2 0.0 8.5

Reaction conditions: HMF (0.15 mmol), 20 mg catalysts, NaOH (0.4 mmol), 3 mL of
the solvent H20, 20 °C, 4 h under varies atmosphere (1 bar).

Based on these results, we found that such a relay of catalysis over the catalyst
containing 1.5 wt% Ag and 1.5 wt% Pd on CeO- support (Ag15Pd15/CeOz) exhibits an
optimal FDCA yield (93%) in basic aqueous solution and 1 bar O, atmosphere at 20
°C (Figure. 5.4A), that is superior to Pd-based catalysts reported in the literature for
driving this reaction in terms of FDCA yield and reaction conditions as the comparison
shows in Table 2.1. Complete conversion of HMF to FDCA over Ag15Pd1s5/CeO2
catalyst at 20 °C can be achieved within 10 h (Figure. 5.5a). The slow conversion after
4 h reaction was attributed to the strong adsorption of FDCA on the alloy catalyst (see
Table 5.3), resulting in slow FDCA desorption from the catalyst. The FDCA vyield
achieved on Pdz o/CeO> catalyst was 35%. When the reaction time is prolonged to 10
h, the yield is still lower than that achieved on AgisPd1s/CeO, within 4 h (Figure.
5.5b). The Pd-based catalysts required elevated temperature and high oxygen pressure
to produce FDCA from HMF. To the best of our knowledge, there has been no report
yet on AgPd alloy catalyst used for the oxidation of HMF.
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Figure 5.5 Experimental data (points) and model estimates (continuous
lines) for HMF oxidation over (a) Ag15Pd1.5/CeO2 and (b) Pdz.0/CeO>

Table 5.3 Adsorption amounts during the co-adsorption of HMF and possible
intermediate (HMFCA and FFCA) and product (FDCA) from aqueous solutions onto
different catalysts at room temperature

Adsorption amount? (umol per gram of catalyst)

®The
Catalyst HMF HMFCA FFCA FDCA
Ag15Pd15/Ce02 9.2 26.1 29.0 90.3
Pd30/CeO2 9.7 29.1 29.1 92.3
Agso/CeO; 9.4 69.1 73.1 99
CeO2 4.2 59.3 70.6 98.4

adsorption was performed by addition of 100 mg catalyst into 10 mL of aqueous
solution containing 10 umol HMF, HMFCA, FFCA and FDCA. The suspension was

stirred for 2 h at room temperature, followed by resting for another 2 h.

53 MECHANISM STUDY - RESEARCH OBJECTIVE 3

Interestingly, the product selectivity of the cascade oxidation over alloy catalyst
shifts towards the intermediate product HMFCA when the reaction temperature is
increased to 80 °C (Figure. 5.4B). The FDCA vyield at 80 °C is less than 20%, and the
upper stream product HMFCA is predominantly formed instead (~80%). This is an
atypical phenomenon. Usually, in the oxidation of a compound with Oz, heating
facilitates the formation of the most oxidised final product. However, in the present

study, high selectivity to final product FDCA for the selective oxidation is achieved at
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low temperature and the selectivity to an intermediate HMFCA is achieved at high

temperatures.

The time course of the reaction at 20 °C (Figure. 5.4A) confirms that the first
step of the HMF oxidation is the same as that illustrated in Scheme 1, yielding HMFCA.
When the Agz.o/CeO> catalyst was used, trace ring-opening products were detected,
but no FFCA and FDCA yielded and the main product was HMFCA (Figures. 5.4E,
5.4F and 5.6C). The Ags.0/CeO> catalyst was unable to catalyse the oxidation of the
alcohol group of HMFCA, which is consistent with results reported in the literature
(Zhang et al., 2014; An et al., 2019). An FFCA yield of 16.1% was observed over the
Pd3.0/CeO; catalyst (see Figure. 5.4C). FFCA is the product of the second step before
forming FDCA (Scheme 1). Negligible FFCA intermediate was observed over
Ag15Pd15/CeOy, as it was oxidised to FDCA rapidly. FFCA transformed to FDCA via
oxidation of its carbonyl to a carboxyl, which can be catalysed by both Ag and Pd
surface sites (Figure. 5.7). The surface of AgisPdis alloy NPs appears the most
efficient for this oxidation in the presence of HMF, HMFCA and FDCA.

To gain insight into the reaction process on the alloy catalyst, we estimated the
rate constants for HMF, HMFCA and FFCA oxidation over the three catalysts from
the data of Figure. 5.4, respectively. Calculation details are provided in Section 3.5.
The rate constant of oxidising HMFCA over Agi5Pd15/CeO2, Kumrca, agpd, is 0.40 h?,
lower than the constants for oxidising HMF (Kumr, agea = 9.29 h!) and oxidising FFCA
(krrca, agrd = 8.84 hl). The step of oxidising HMFCA is the rate-determining step of
the cascade reaction, yielding FDCA from HMF over the alloy catalyst. In comparison,
the rate constants over Pdso/CeQ catalyst are much lower (Knmrca, pd, = 0.13 h™! and
Krrca, pa = 0.08 1), and the rate-determining step over Pds o/CeO; catalyst is oxidation
of FFCA. Alloying Ag with Pd significantly promotes the oxidation of the carbonyl
groups in the intermediate FFCA at 20 °C, changing the rate-determining step to
oxidation of HMFCA. This step takes place on Pd surface sites. The dependence of
HMFCA oxidation on the reaction temperature should provide an explanation why the
product selectivity is switched by the reaction temperature and the configurations of
Pd atoms at the alloy NP surface provide the reason why Agi5Pd1s/CeO- catalyst is
superior to Pdso/CeO; catalyst for catalysing the selective oxidation of HMF to yield
FDCA.
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Figure 5.6 (A, B and C) Time—conversion plots for the oxidation of HMFCA
using (A) AgisPdi1s/CeOz, (B) Agso/CeO: and (C) Pdzo/CeO: as the catalyst. The
reactions were conducted in a 1 bar oxygen atmosphere at 20 °C using 2 mL of
deionized water mixed with 0.04 mmol of NaOH, 0.015 mmol of HMFCA, and 20 mg

of catalyst.
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Figure 5.7 (A, B and C) Time—conversion plots for the oxidation of FFCA using
(A) Ag15Pd15/CeOz, (B) Ags.o/CeO2 and (C) Pdso/CeO; as the catalyst. The reactions
were conducted in a 1 bar oxygen atmosphere at room temperature (20 °C) using 3 mL
of deionized water mixed with 0.8 mmol of NaOH, 0.015 mmol of FFCA, and 20 mg

of catalyst.
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Figure. 5.8A shows that the HMFCA vyield increases as the reaction temperature
is raised. This can be attributed to HMFCA oxidation over the AgPd alloy catalyst
decreasing at higher temperatures, Figure. 5.4A and 5.4B show that the HMFCA
oxidation over the AgPd alloy at 80 °C is much slower than that at 20 °C. Such a trend
Is distinct from the common observation that oxidation reactions with O, as oxidant
are usually accelerated with heating. The unusual trend is responsible for the product
selectivity switch with the reaction temperature. The conversion of HMFCA also
decreases at a higher temperature (80 °C) on Pd NPs (Figure. 5.4D), compared with
that at 20 °C (Figure. 5.4C). It appears that the Pd surface sites of the catalysts exhibit

lower catalytic activity at 80 °C.
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Figure 5.8 Impact of reaction temperature on the product selectivity of HMF
oxidation reaction catalysed by AgPd alloy catalyst (A), Pd NP catalyst (C) and Ag
NP catalyst (D), respectively. (B) The image of the product solution obtained at
different treatment. The reaction conditions were the same as those given in Figure. 1,

except the temperature changes.

From Figures 5.4 and 5.8, we find that the performance deterioration of
Pdz0/CeO2 and AgisPd1s5/CeO- catalysts at 80 °C is accompanied by mass loss.
Carbon balance of several reactions is less than 100% (the carbon content in the

product is less than the content in reactant HMF), the difference in carbon content is
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indicated by mass loss (in percentage). As mass loss increases (Figures. 5.8A and
5.8C), the colour of the supernatants collected after the reactions becomes darker
(Figure. 5.8B). The results of liquid chromatography-mass spectrometry confirm that
the coloured supernatants contain large molecules (Figure. 5.9), the species with the
highest abundance have a molecular mass of 286. They are consistent with the
literature reports (Mika et al., 2018; Nakagawa et al., 2013; Patil and Lind, 2011,
Tsilomelekis et al., 2016). The mass losses are due to side-reaction during the selective
oxidation of HMF, which yield large molecule by-products. The mass losses in the
reaction catalysed by Ags.o/CeO> are observed even at 20 °C, but the supernatant is
clear. The losses are due to the strong adsorption of the HMFCA on the catalyst (Table
5.3). The by-products are formed on the Pd surface sites of the catalysts. This finding
was also observed by Zhang et al. (Zhang et al., 2015)
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Figure 5.9 Liquid Chromatograph-Mass-Spectrometry (LC-MS) spectra of the
supernatants collected in negative reflectron mode after the reaction catalyzed by
Ag15Pd15/CeO; and Pdz o/CeOz. The reactions were conducted at 80 °C.

30 Chapter 5: Results and Discussion



Figures 5.4 and 5.8 also show that the more mass loss, the worse performance of
Pd30/CeO2 and Agi15Pd1s/CeO catalysts are for oxidation of HMFCA (and thus
FDCA yield). The formation of the large molecule by-products on Pd surface sites
impedes the HMFCA oxidation. This is supported by observation that after adsorbing
fulvic acid, Agi1s5Pd1s/CeO, catalyst lost most catalytic activity for oxidation of
HMFCA (Table 5.4 and Figure. 5.10). When the reaction temperature is raised, the
formation of unwanted product over AgisPdis/CeO; and Pdso/CeO: catalysts
increases, as reflected by the mass loss (Figures. 5.8A-5.8C). At 20 °C the formation
of by-products during the reaction catalysed with AgisPdis/CeO; is negligible.
Besides, the mass losses on Pdso/CeO, catalyst are more serious than that on
Ag15Pd15/CeO; at all temperatures (Figure. 5.8), indicating that alloying Ag with Pd
effectively alleviates the formation of the unwanted by-products. Thus, the efficient
oxidation with Ag1sPdis/CeO, catalyst at 20 °C effectively avoids by-product

formation and is an efficient and green process.

Table 5.4 The influence of fulvic acid adsorbed on Agi.5Pd; s catalyst 2 on the

product selectivity of HMF oxidation

Entry Catalyst HMF HMFCA FFCA FDCA Mass loss
conv. Yyield (%) yield (%) yield (%) (%)
(%)
1 Ag1s5Pd15/CeO2 100 87.9 0 6.8 5.3
after adsorption
of fulvic acid

Conditions: HMF (0.15 mmol), 20 mg AgusPd1s catalysts (adsorbed fulvic acid),
NaOH (0.4 mmol), 3 mL of the solvent H20, 20 °C, 4 h under a 1 bar oxygen
atmosphere.  Adsorption details: The adsorption was performed by addition of 50 mg
Ag15Pd15/CeO2 catalyst into 10 mL of aqueous solution containing 7.5 mg fulvic acid.
The suspension was stirred for 30 min at room temperature. The amount of fulvic acid
adsorbed on the catalyst was measured by UV-visible spectra. By calculation, 5 mg
fulvic acid was adsorbed on 50 mg Ag1.5Pd15/CeOz. After adsorption, the catalyst was

then dried in a vacuum oven at 60 °C.
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Figure 5.10 UV-vis spectra of the standard fulvic acid solution and the result

solution after adsorption by Ag:sPd15/CeOa.

Moreover, once the reaction was conducted at 80 °C over Ag15Pd1.5/CeO; for an
hour, the catalyst performance deteriorates irreversibly, and in the following stage at
20 °C the FDCA vyield cannot be restored to a level above 20% (Figure. 5.11). The
superior catalytic performance of Agi1sPd1s/CeO2 catalyst at 20 °C for the selective
oxidation and serious side-reaction at 80 °C result in the product selectivity switch by

the reaction temperature.
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Figure 5.11 The effect of different treatments (temperature and reaction time)
on the product selectivity of HMF oxidation. The reactions were conducted in 1 bar
O atmosphere, using 3 mL of deionized water mixed with, 0.15 mmol of HMF, 20

mg catalyst and 0.4 mmol NaOH. The total reaction time is 4 h for each treatment.
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As the performance of the catalysts depends on the specific surface sites of the
metal NPs, transmission electron microscopy (TEM) analysis of a series of catalysts
with different Ag:Pd ratios (and thus configurations of surface sites) was conducted.
Figure 5.12 shows the results of three alloy catalysts with three Ag:Pd ratios. Panels
A-C are TEM bright field images presenting a typical spherical AgPd NPs in about 6
nm diameter (Figure. 5.13) on CeO. nanofibres (Figure. 5.14). The spherical
morphology of Ag-Pd NPs indicated high index surface nature. The lattice fringes of
the nanofibre shown in Figure 5.12D was measured to be 0.31 nm, identical to the d-
spacing of the plane (111) of FCC CeO; structure which lattice parameter a = 0.543
nm. The (111) d-spacing for Agz.s Pdo.s NPs was measured 0.23 nm by using CeO> as
the scaling reference. This value is slightly larger than that of Pd (111) 0.225 nm but
smaller than that of Ag (111) 0.236 nm. This confirmed that the prepared binary

nanoparticles are AgPd alloy.

eAg s Pd

Figure 5.12 TEM analysis of three alloy catalysts with different Ag:Pd ratios.
A-C: bright field images; D-F: high resolution TEM micrographs; and G-I: typical
atomic configurations of alloy NP surfaces.
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Figure 5.13 Particle size distribution of the Ag-Pd NPs in Agi5Pdis/CeO2

catalyst determined by measuring over 500 particles in TEM images of the sample.
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Figure 5.14 XRD patterns of catalysts with AgisPdis, Agsoand Pdso on CeOs-.
Vertical bars represent the standard diffraction data for the CeO. fibre with a cubic
fluorite structure (JCPDS, no. 34-0394).

To identify the atomic configuration at the surface of the AgPd NPs, it is usually
in need of atomic resolution scanning electron microscopy and high angle annulate
dark field imaging. However, the atomic number contrast of Ag and Pd is very similar
to each other because they are neighbour elements in the periodic table. On the other
hand, electron energy dispersion (EDS) analysis to the two atoms is also difficult due
to the energy Lo of Pd (2.8 eV) being very close to that of Ag (2.9 eV). Therefore, it
iIs much easier to understand the surface atomic configuration of AgPd alloy with

different Ag:Pd ratios from energy competition theory. Hoffmann and co-workers
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found that AgPd alloy tends to form a short-range ordering pattern when Pd percentage
is low but will turn into Pd segregation status when Pd concentration is high
(Hoffmann et al., 2016). Yun and co-workers calculated atomic mixing patterns in
bimetallic AgPd NPs and suggested a similar result (Yun et al., 2020). With the above
reported research outcome, atomic configuration for AgPd NPs studied in this work is
schematically shown in Figures 5.12G — | with increasing Pd percentage.

Fig.5.15 shows the catalytic performance of the AgPd alloy catalysts with
different Ag:Pd ratios. With this information, we analyse the relationship between the
configuration of the surface sites of the alloy NPs and their ability to catalyse reaction
steps in the scheme. At an Ag:Pd ratio of 2.5:0.5 (Ag2.5Pdos/CeQy), sites of Pd atoms
surrounded by Ag atoms exist at facets of the alloy NPs (Figure. 5.12G) as Ag and Pd
are infinitely miscible in alloys and the size of Ag atom is similar to that of Pd atom.
Such a surface configuration exhibits the best ability to catalyse HMF oxidation
yielding HMFCA. As shown in Figure. 5.16, the yield of HMFCA from HMF
oxidation within the first hour of reaction gradually decreases when the Ag:Pd ratio
further decreases. Hence, the surface configuration of Pd atoms surrounded by Ag
atoms is optimal for selectively oxidising carbonyl groups. Nevertheless, this
configuration exhibited very limited ability to catalyse the oxidation of HMFCA
(Figure. 5.15), especially within the first two hours of reaction (Figure. 5.16).
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Figure 5.15 Catalytic performance for the oxidation of HMF over Ag—Pd alloy
NPs /CeO> catalysts with varied composition. Reaction conditions: 0.15 mmol HMF,
20 mg catalyst (with 3 wt% of metals), 0.4 mmol NaOH, 3 mL H20, 20 °C for 4 h

under a 1 bar oxygen atmosphere.
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Figure 5.16 Time-course product selectivity of HMF oxidation reaction over
Ag3.0/CeO2 (A), Ag25Pdos/Ce02(B), Ag20Pd10/Ce02(C), AgisPdis/CeOz(D),
Ag1.0Pd2.0/Ce02(E), AgosPd25/CeO(F) and Pdso/Ce02 at 20°C. Reaction condition:
HMF (0.15 mmol), catalysts (20 mg, containing 3% of metals), NaOH (0.4 mmol), 3

mL of the solvent H20, 20 °C, 4 h under a 1 bar oxygen atmosphere.

The optimal catalytic performance occurs at a ratio of 1.5:1.5. At this ratio, the

configuration at the alloy surface is of small Pd clusters that are separated by small Ag
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clusters. It appears that the Pd clusters are far more efficient than isolated Pd atoms
surrounded by Ag atoms for catalysing the HMFCA oxidation. The segregation by the
Ag clusters appears to reduce the occurrence of side-reactions and Ag clusters also
exhibit better ability to catalyse the oxidation of carbonyl groups in steps 1 and 3
compared to pure Pd surface in Pdso/CeO> catalyst (Figures. 5.15 and 5.16). This is
the optimised configuration for the cascade reaction. Further increases of Pd fraction
in the alloy should result in large Pd clusters but reduced ability to catalyse HMFCA
oxidation and thus declined FDCA vyield is observed (Figure. 5.15). Fig. 5.17 also
shows that the catalysts with a lower Ag:Pd ratio exhibit weaker ability to catalyse
HMFCA oxidation at 80 °C. The largest mass loss is observed on Pds3 ¢/CeO; at 80 °C,
and it appears that the large molecule by-products are apt to form on large Pd clusters

and Pd surface.

We compared the adsorption energies of reactant, intermediates, and product
molecules on the (111) surfaces of Ag, Pd and AgPd (1:1) alloy, which were calculated
by PBE method of density functional theory in CP2K code. (Perdew et al., 1996). The
detailed parameters of CP2K simulations were listed in Table 5.5. To construct the
(111) surfaces of Ag, Pd and Ag-Pd alloy, a 4x4x4 supercell of Ag, Pd and Ag-Pd
alloy was optimized first. Then the (111) surfaces were constructed based on the
optimized lattices. For Ag and Pd, a (6x6) slab of the (111) surface was constructed,
while for Ag-Pd alloy, a (3x6) slab was used. For all as-constructed surface supercells,
the lattice parameters a and b were longer than 16A, which guarantees the distance
between the adsorbed molecules in periodic replica being larger than 9.0A. Four metal
atomic layers were included in the supercells and the lattice parameter ¢ was set to
23A. When optimizing the structures of the surfaces and the adsorbed molecules, the
lattice parameters of the supercells were fixed and the last two metal atomic layers
were frozen. An Ag-Pd (111) surface model with an adsorbed HMF molecule was
displayed in Figure 5.18. The adsorption energies of the intermediates and product on
Pd surface (Table 5.6) are more than 1.74 times of those on AgPd alloy surface. The
strong chemical adsorption of the molecules on Pd surface facilitates the side reaction.
The adsorption energies on the AgPd alloy surface are about 1.2 times of those on Ag
surface, except for 1.46 times for HMF adsorption. The adsorption on the AgPd alloy

surface is sufficient to activate the cascade oxidation but cause negligible side-reaction.
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Figure 5.17 Time-course product selectivity of HMF oxidation reaction over
Ag2.0Pd1.0/CeO2(A), Ag15Pd1s5/CeO2(B) and AgioPd20/CeO2(C) at 80 °C. Reaction
condition: HMF (0.15 mmol), catalysts (20 mg, containing 3% of metals), NaOH (0.4

mmol), 3 mL of the solvent H20, 80 °C, 4 h under a 1 bar oxygen atmosphere.
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Table 5.5 The configurations for the CP2K calculations

Parameter Value

Method Mixed Gaussian and Plane-wave (GPW)
Functional PBE

Dispersive interaction correction DFT-D3

Pseudo-potential

Gaussian-type basis set sets

Plane-wave cut-off
k-point sampling

SCF optimizer

Electron density convergence
criteria

Convergence criteria for

geometry optimization

Goedecker-Teter-Hutter (GTH)

Molecular optimized double zetha-valence
Shorter Range basis sets with a polarization
function (DZVP-MOLOPT-SR-GTH)

400 Ry

Gamma-point only

Orbital transformation with the direct inverse in
the iterative subspace optimizer (OT/DIIS)

1.0 x 107

maximum force 4.5x 107 Hartree/Bohr
RMS force 3.0 x10°Hartree/Bohr
maximum coordinate change 3.0 x 10 Bohr

RMS coordinate change 1.5 x 10 Bohr

Figure 5.18 The surface model of Ag-Pd (111) with an adsorbed HMF molecule.
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Table 5.6 DFT calculations for the adsorptions of HMF, HMFCA, FFCA and
FDCA on the (111) surfaces of Ags.o, Pdzo and AgisPdi s alloys

Adsorption energy (kJ-mol™?)

Adsorbate Ags.0 Ag15Pd1s Pdso

HMF -22.96 -33.49 -47.28
HMFCA -23.49 -29.56 -51.40
FFCA -23.94 -28.97 -54.76
FDCA -24.32 -29.05 -50.61

When the Ag:Pd ratio is 0.5:2.5, sites of isolated Ag atom surrounded by Pd
atoms exist at facets of the alloy NPs (Figure. 5.121). The isolated Ag atom sites have
better ability to catalyse the oxidation of carbonyl group of FFCA to yield FDCA than
Pd surface in Pdso/CeO> catalyst (Figure. 5.15). Again, a small fraction of one metal
alloyed with the other leads to a significant change in the catalytic performance.
Furthermore, the FDCA yield achieved by the catalysts with Ag:Pd ratios between 2:1
and 0.5:2.5, are above 70% and higher than that achieved by Pdz o/CeO- catalyst. In a
wide Ag:Pd ratio range, the alloy catalysts exhibit superior performance to the Pd
catalyst. There are Pd clusters dispersed with Ag clusters. These results indicate that
the configuration of small Pd clusters segregated by Ag clusters is more efficient than
the monometallic Pd surface for selective oxidation of alcohol group to carbonyl

group.
54 REUSABILITY - RESEARCH OBJECTIVE 4

The possibility of catalyst recycling is a key criterion for heterogeneous
catalysts. We carried out a series of experiments to demonstrate the recyclability of
Ag1.5Pd1.5/CeQ2 catalyst at 20 °C, as shown in Figure. 5.19. The FDCA yield using
Agl.5Pd1.5/Ce02 catalyst maintained 90% without dropping activity considerably for
several cycles. Also, it could be found that no obvious morphology and size change

were observed from TEM images of AgPd catalysts before and after the reaction.
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Figure 5.19 Recycling test of Ag15Pd15/CeO. for aerobic oxidation of HMF (A).
Reaction condition: HMF (0.15 mmol), 20mg catalyst, NaOH (0.4 mmol), 3 mL of the
solvent H>O, 20 °C, 4 h under an oxygen atmosphere, TEM images of (B)
Ag15Pd15/CeO:> catalyst before reaction, (C) Ag1s5Pd1s/CeO: catalyst after reaction.
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Chapter 6: Conclusions

In summary, this study confirms that the optimal configuration of small Pd
clusters segregated by small Ag clusters on the surface of spherical AgPd alloy NPs
significantly accelerates the oxidation of both alcohol group to carbonyl group and
carbonyl group to carboxyl groups in the selective oxidation of HMF at 20 °C and
alleviates formation of large molecule by-products. The adsorption of the reactant,
intermediates and product on such surface is suitable to activate the cascade oxidation
while avoiding side-reaction. This study found that the side-reaction yielding large by-
product takes place on Pd surface sites. The larger the Pd cluster size and the higher
temperature are, the more serious the side reaction. The large by-product molecules
impede the HMFCA oxidation, the rate-determining step. At 80 °C, the formation of
by-products even on Ag1sPd1s/CeO> are so serious that the oxidation of HMFCA
impedes, changing the product selectivity to HMFCA. Thus, it was observed the
product selectivity switch with the reaction temperature. This study reveals that the
Ag:Pd ratio can be tuned to selectively catalyse the oxidation of the functional groups
because the surface configuration of Ag and Pd atoms at the alloys determines the
ability to catalyse the functional groups. The knowledge may inspire the design of
efficient catalysts for application to the selective oxidation of different functional

groups in a wide range of reactants.
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