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Abstract 

Since photocatalysis utilizes solar energy, it has tremendous potential for various 

applications. Solar light’s abundant availability and cleanliness as a renewable energy 

source have received considerable attention for synthesizing fine chemicals at ambient 

temperatures. Therefore, it is highly desirable to synthesize fine chemicals using solar 

light at ambient temperatures. Despite this, it remains challenging to devise new 

catalysts that perform well under all solar spectrum conditions and moderate 

temperatures. This project investigates a significant organic reaction using novel metal 

NPs as photocatalysts to apply visible light. As a result of irradiating chemical 

synthesis with visible light, the scope of organic synthesis may be significantly 

enhanced through a more accessible, more straightforward, and greener process.  

As fossil fuel consumption and their chemical products increase rapidly, new energy 

sources are being explored at an increasing rate. The modern energy revolution has 

relied heavily on biomass for fuel and chemicals as a cheap renewable energy resource. 

Several valuable products can be extracted from the plant, including 5-

hydroxymethylfurfural (HMF), 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-

furancarboxylic acid (HMFCA), and 2,5-furandicarboxylic acid (FDCA). Among 

these derived products, 2,5-furandicarboxylic acid (FDCA), an excellent precursor for 

producing green polymers, has been an excellent precursor, such as 2,5-

furandicarboxylate (PEF) excellent precursor received considerable attention recently. 

Most methods require harsh conditions to oxidize HMF to FDCA, including high 

pressures and temperatures and environmentally unfriendly reactants. Therefore, it has 

been challenging to find an economical and green technique to synthesize FDCA.  

This study demonstrated a ceria-supported Ag@Pd photocatalytic system to achieve 

the FDCA transformation under ambient conditions. This system achieved excellent 

yields (over 90 per cent) of FDCA within 4 hours under green light irradiation. A major 

benefit of this system is that the amount of palladium required is relatively low. These 

findings provided an excellent foundation for developing green synthesis from 

biomass-derived products powered by solar energy. 
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Chapter 1: Introduction 

This chapter outlines the background (section 1.1) and context (section 1.2) of the 

research. Finally, section 1.3 includes the purposed, significance and scope of the 

thesis. 

 

1.1 BACKGROUND 

Metal NPs (NP) have recently attracted considerable attention as photocatalysts. These 

catalysts enable organic reactions to be carried out at ambient temperatures and the by-

products to be reduced at an extremely low level.1 At the same time, the ease of 

separation and reuse makes heterogeneous catalysis more favourable than 

homogeneous catalysis. Recently, we found metal NPs strongly absorb visible light, 

which shows high activity for various organic reactions, such as Suzuki cross-coupling 

reactions,2 hydroamination reactions,3 nitrobenzene coupling reactions.4  

Metal NPs could strongly absorb visible light due to the LSPR (LSPR) effect. This 

effect occurs when the conduction electrons resonate with the electromagnetic field of 

the incident light, which enables these electrons to absorb light irradiation energy and 

energize electrons on the metal NP surface. Then the reactants would be activated for 

further reactions. Besides, as LSPR is driven by ultraviolet-visible light, metal NP 

photocatalysts inspire more possible pathways for converting solar energy to chemical 

energy. There are many excellent example reactions catalyzed by supported 

monometallic,5 bimetallic,6 or trimetallic7 NPs at ambient conditions. 

 

1.2 CONTEXT 

The worldwide consumption of fossil fuel and its chemical products is increasing 

swiftly,8 which dramatically drives the exploration of new energy resources. As a 

cheap and renewable resource, biomass-derived fuels and chemicals play a vital role 

in the modern energy revolution.9 Also, as a result of the high dependency on polymers 

in modern economics, several industries have begun considering using bio-based 
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chemicals for making bioplastics, such as polyethylene terephthalate, polyamides, and 

polyurethanes.10 It is evident from Figure 1 that there are several routes for producing 

bioplastics starting from LCB. In most cases, the LCB molecules are turned into 

monomers using either chemical or biological techniques, followed by polymerization 

to make bio-based polymers. 11 

 

Figure 1 Typical production routes of bio-based polymers from lignocellulosic 

biomass. Reproduced with permission from ref.10 

HMF is a degradation product of C6 carbohydrates and has abundant valuable 

products, such as 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA), and 2,5-furandicarboxylic acid (FDCA).12 Among these products, FDCA 

is one of the most significant platform chemicals.13 For instance, as a critical renewable 

building block, FDCA empowers the production of polyesters, polyamides, and 

polyurethanes.14 One of the approaches to producing FDCA is the catalytic oxidation 

(Figure 2) of 5‐hydroxymethylfurfural (HMF), which numerous pathways have 

investigated.15, 16 
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Recent studies have shown that alloy catalysts demonstrate dramatically different 

product selectivity than monometallic NP catalysts.17, 18 Silver NPs were reported to 

catalyze the selective oxidation from HMF to HMFCA,19 but cannot catalyze the 

alcohol side chain of HMFCA to aldehyde side and then the carboxyl of FDCA. 

Palladium NPs are widely loaded on different photocatalysts to conduct plasmonic 

photocatalysis on various organic reactions,20, 21 and have been a more prior choice for 

chemical reactions due to their high activity, stability, and selectivity.22 However, most 

research findings require high Pd loading to achieve great catalytic performance.23, 24 

Besides, palladium has become the most expensive metal nowadays with a dramatic 

increase in its price (almost $100 per g).25  These findings and database inspired us to 

investigate diverse methodologies to integrate palladium of lower content with silver 

to obtain higher photoactivity on the oxidation of HMF to FDCA. Both Ag and Pd 

atoms have face-centered cubic crystal structures and extremely close sizes, making it 

possible to alter the reaction pathways by tuning the surface configuration of the metal 

NPs. 

 

Figure 2. Reaction pathways for the catalytic oxidation of HMF to FDCA with 

molecular oxygen in water. 

 

1.3 PURPOSES, SIGNIFICANCE AND SCOPE 

This project aims to develop an eco-friendly and economical route to synthesize FDCA 

from HMF, which follows the four-stage experiments. 

Stage 1: Synthesize cerium oxide and load metals on it. 

Stage2: Find appropriate active metals and convert HMF into FDCA under light. 

Stage 3: Optimize the reaction conditions to achieve high conversion rate and 

product selectivity by altering reactants, temperature, light intensity, light 

wavelength. 
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Stage 4: Investigate and explain how the organic transformations can be conducted 

on the surface of the photocatalysts. 

In this study, Ag2.5@Pd0.5/CeO2 was found to show excellent catalytic performance on 

HMF oxidation compared to the photocatalysts prepared by other methods, such as 

mechanical mixture and alloy NP. To the best of our knowledge, nobody has reported 

a photocatalyst with such lower palladium content that can exhibit excellent 

performance. Apart from that, unlike other catalysts that use the thermal effect to 

catalyze the HMF oxidation reaction,26, 27 Ag2.5@Pd0.5/CeO2 takes full advantage of 

light based on green chemistry while reducing the generation of by-products. This 

discovery may contribute to a new pathway to catalyze organic reactions and reduce 

the experimental cost. In addition, we will interpret the results in terms of the influence 

of surface configuration on its active sites and analyze the effect of nanostructures on 

its photocatalytic properties. 
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Chapter 2: Literature Review 

2.1 DIRECT PHOTOCATALYSIS ON PLASMONIC-METAL NPS 

Compared to those bulk materials, metal NPs have unique characteristics. For instance, 

due to the LSPR (LSPR) effect, silver and gold NPs are strongly capable of absorbing 

visible light. Its absorbance is significantly influenced by the size and shape of the 

metal NPs.28 The utilization of LSPR to drive photocatalysis generally falls into two 

sorts: (a) direct photocatalysis, the metal NP itself absorbs the light and acts as the 

active sites,29 and (b) indirect photocatalysis, the LSPR empowers the photon energy 

transfer from the metal NP to the nearby semiconductors,30 or other metals.31 Coinage 

metals like silver, gold, and copper act as both light absorbers and active catalyst 

sites,29 herein focusing more on direct photocatalysis.  

 

2.1.1 Localized Surface Plasmon Resonance (LSPR) 

Plasmonic metal NPs are defined by their strong interaction with the incident light 

through LSPR. This effect occurs when the conduction electrons resonate with the 

electromagnetic field of the incident light (Figure 3), which will enable these electrons 

to absorb light irradiation energy and to energize electrons on the metal NP surface. 

Herein, metallic NPs such as Ag, Au, and Cu can absorb visible and infrared light in 

an extensive range of wavelength.32 

 

Figure 3 Schematic illustration of a LSPR. Reproduced with permission from ref.1 

The modification of the composition, size, and morphology of the metal NPs could 

change their intrinsic metallic properties, atmospheric medium, or surface 

polarization, then influence the frequency and strength of the plasmon oscillation.33 
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The oscillating change will reflex on the light absorption. Below is an example of Ag 

NPs (Figure 4). When the particle shape changes from sphere to cube, there will be a 

plasmon absorption shift from 400-700 nm, and when the particles grow larger, the 

absorption band will broaden and shift to a longer wavelength.34 

 

Figure 4 a) Surface plasmon absorption bands for Au, Ag, and Cu NPs. Reproduced 

with permission from ref.32 b) Normalized extinction spectra for Ag wire, cube, and 

sphere NPs. c) Normalized extinction spectra for Ag nanocubes as a function of size; 

the inset shows a photograph of the three nanocube samples suspended in ethanol. 

Reproduced with permission from ref.34 

Two processes, including light absorption and activation of the reactants, will occur 

on the metal NPs. These interactions can generate high concentrations of energetic 

electrons and a strong electric field on the metal surface. The light energy produced 

here can be transferred into the adsorbed reactants in direct plasmonic-metal 

photocatalysis through three pathways (depicted in Figure 5): (1) elastic radiative re-

emission of photons, (2) non-radiative Landau damping (the excitation of energetic 

charge-carriers in the metal particle causes) and (3) the interaction of excited surface 

plasmons with unpopulated adsorbate acceptor states, inducing direct electron 

injection into the adsorbate, which is called chemical interface damping.35 

Additionally, due to the high concentrations of electrons on NP surfaces, chemical 

reactions may be caused because of the localized electric fields generated by light 

absorption. Based on the results obtained by comparing the reaction rates of plasmonic 

metals photocatalyzed at various wavelengths and intensities, it was clearly 

demonstrated that LSPR contributed significantly to the enhancement of 

photocatalytic reactions.5 A correlation between the measured photocatalytic rate and 

the calculated plasmon absorption intensity was used to determine whether the 
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photocatalytic rate was plasmonically enhanced. According to the linear relationship 

between photoinduced rate and source intensity, an electron-driven chemical process 

is distinct from a traditional thermal heating process. The photoinduced rate is linearly 

correlated with the source intensity.36 Depending on the intensity and wavelength of 

the light, it has been proposed that the LSPR is a significant contributor to 

photocatalytic activity. 

 

Figure 5 Schematic showing the three dephasing mechanisms of oscillating surface 

plasmons. Reproduced with permission from ref.35 

The light-induced plasmons may generate energetic charge carriers to help shift the 

energy obtained from the irradiation, transfer the energetic electrons into the 

absorbents, and then facilitate chemical reactions.37 Two possible pathways can drive 

this transformation indirect and direct.38 For the indirect charge transfer mechanism, 

the absorbent acceptor orbitals have energies closer to Fermi level because the low-

energy electrons are in a higher concentration. Therefore, the excited energetic charge 

carriers prefer to transfer the energy to these orbitals, the lowest unoccupied molecular 

orbital (LUMO). In the case of the direct charge transfer mechanism, plasmon-

mediated charge scattering drives the transfer.39  

The electromagnetic field generated by two or more metal NPs that are close enough 

together can be significantly stronger than the electromagnetic field generated by a 

single metal NP.40 There are many areas between the NPs in which there are stronger 

electromagnetic fields. A finite-difference time-domain simulation of local plasmonic 

hot spots can result in an electric field intensity of up to 106 times more intense than 

the incident electric field.41 Furthermore, the electron-hole pairs generation rate in hot-
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spot areas of metal NPs is 1000 times higher than in incident electromagnetic fields. 

In addition to solvent and support materials, the surrounding environment influences 

metal NPs’ LSPR absorption. 

 

Figure 6 Excitation mechanisms for plasmon-induced chemical reactions. (A) Indirect 

hot-electron transfer mechanism. Hot electrons (e-) generated via non-radiative decay 

of an LSP transferred to form the molecule’s transient negative ion (TNI) states. (B) 

Direct intramolecular excitation mechanism. The LSP induces direct excitation from 

the occupied state to the unoccupied state of the adsorbate. (C) Charge transfer 

mechanism. The electrons are resonantly transferred from the metal to the molecule. 

Reproduced with permission from ref.42 

 

2.1.2 The impact of supports 

Although the metal NP can catalyze organic transformations, they are not stable under 

typical reaction conditions.43 Therefore, in practical applications, most plasmonic 

metal NPs are supported on inert solid supports, such as metal oxides and carbon-based 

supports and porous materials. The selection of the support material may impact the 

reaction pathway without being just a substrate. For example, the light excited 

electrons can transfer to the metal oxide support to contribute to the reaction.44 Cu NPs 

can be stable when supported on graphene rather than metal oxide supports.45 The 

product selectivity may be affected by the porosity of the support.46 

 



 

Chapter 2: Literature Review 9 

2.2 SUPPORTED METAL PHOTOCATALYSTS  

The active components of the photocatalyst are metals, and only their surfaces are 

capable of catalyzing chemical reactions. Therefore, maximizing the area of the 

catalyst contacting with the reactants could develop catalytic efficiency. There are 

various thermally stable, high-surface-area materials (in nanoscale, typically below 10 

nm) used as the supports, including alumina (Al2O3), silica (SiO2), titania (TiO2), 

carbon (C), ceria (CeO2), etc. To synthesize metal NPs in controllable size has been 

the most significant challenge, and the preparation techniques incredibly affect the 

activity, selectivity, and lifetime of the photocatalyst.47 

 

2.2.1 Preparation techniques  

Among the various ways to prepare supported metal catalysts, impregnation is mainly 

chosen due to its simpleness and low waste. Impregnation is typically distinguished 

into two methods, wet impregnation (WI) and dry impregnation (DI), also termed 

incipient wetness impregnation (IWI).48 

This method requires a metal precursor solution to contact the support fully. The most 

common precursors are metal salts, including metal sulfates, carbonates, and nitrates. 

Water is widely used as a solvent because of the high solubility of many precursors. 

Then strong reducing agents like sodium borohydride (NaBH4) is used to generate 

metal NPs of smaller sizes (< 10 nm). Adding an amount of capping reagent such as 

lysine to be absorbed on the surface of supported metal NPs can avoid aggregation. In 

WI, the impregnated catalysts can be obtained by filtration, while the excess precursor 

solution would be reused to minimize the waste. In DI, some counterions from the 

precursor solution, such as platinum tetraamine chloride might retain in the dried 

catalyst without filtration, leading to contaminants.49 To obtain fully reduced zero-

valent metal NPs anchored on the support, different thermal treatments like calcination 

in a reducing (H2 atmosphere) environment would be acceptable.  
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2.2.2 Applications of Metal NPs in Photocatalysis 

2.2.2.1 Selective oxidation reactions 

Alcohols are essential platform molecules for developing various value-added 

products in the fine chemical, pharmaceutical, and agrochemical sectors, including but 

not limited to aldehydes, ketones, ethers, etc.50 In most studies, the oxidation of alcohol 

requires a longer reaction time, certain oxygen pressure, and the high temperature, 

generation of by-products, which cause many limitations. Therefore, developing a 

technique, which is selective oxidation of alcohol under ambient conditions, has 

become a challenge.  

Here some cases utilizing energy from light to catalyze alcohol oxidation provide new 

hints in this field. Sarina and co-workers reported a highly efficient AuPd system 

catalyzing the oxidation of aromatic alcohols under light irradiation.51 The reactions 

were conducted in trifluorotoluene at around 45oC and under 1 atm of Ar after O2 

removal using freeze-pump-thaw degassing. For the dehydrogenation of benzyl 

alcohol, Au-Pd/ZrO2 with a 1:1 Au:Pd mass ratio achieved a 100% conversion rate 

under visible light. By contrast, only 43% was obtained under dark conditions. Similar 

results were obtained for other alcohol reactants like 4-methoxybenzyl alcohol, 1-

phenylethanol, etc. According to the experimental data, a tentative mechanism for this 

photocatalytic process was proposed in Figure 7. The rate-determining step of the 

aromatic alcohol oxidation was investigated to occur on the alloy NP surface. α-H 

atoms of the alcohol molecules are abstracted, followed by the subsequent abstraction 

of the hydrogen atom from the hydroxyl group. When the negative charge of the 

transient anions returns to the alloy, the final product aldehydes are generated. The 

LSPR effect drives the conduction electrons on the alloy NPs to gain energy from the 

incident visible light during this photocatalysis process. Due to the electron 

redistribution and electron-electron between Au and Pd, these energic electrons are 

active on the NP surface. Also, the good affinity of the Pd sites to the alcohols enhances 
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the interaction between the absorbed reactants and NP, then drive the chemical 

transformations. 

 

Figure 7 Proposed mechanism of aromatic alcohol oxidation over Au–Pd alloy NPs 

under visible light irradiation. Reproduced with permission from ref.51 

Metal NPs photocatalysis has also played a significant role in other oxidation 

transformations. For example, Huang and co-workers reported a photocatalytic system 

Ni clusters supported on CdS to produce imines from amines by oxidation procedures, 

which achieved a dramatic apparent quantum efficiency of ~44% under 420 nm 

irradiation.52 For ester derivative synthesis, Zhang et al. reported an alternative 

technique to convert aldehyde to esters in mild conditions based on Au NP 

photocatalysts.53 

 

2.2.2.2 Selective reduction reactions 

Reduction reactions have been intensely studied in organic synthesis and biological 

chemistry. Aromatic azo compounds can be applied in various fields, such as organic 

dyes, therapeutic agents, and intermediates for natural product production.54 

Traditional techniques of synthesizing azo compounds involve using toxic reactants or 

agents like nitrile salts, Nitrosobenzene intermediates, which do not accord with the 

green chemistry principle.55 Mondal and co-workers reported a cage encapsulated gold 

NP involved in a photocatalysis process for the selective reductive nitroarene to azo 
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compounds.56 This work utilizes sodium hydride in isopropanol under nitrogen, 30oC, 

and ultraviolet irradiation, obtaining a perfect conversion and selectivity of the target 

azo compound. Four proposed reaction routes have been hypothesized based on the 1H 

NMR and ESI-HRMS analysis. Initially, sodium hydroxide drives the abstraction of a 

hydrogen atom from isopropanol, giving the intermediate isopropoxide. Then with the 

presence of UV light, hot electrons, and holes produced by Au NPs further generate 

AuNPs-H by capturing the hydride from sodium isopropoxide, giving the acetone as 

the product. After that, Au-H bond transfers hydrides to nitroarene to produce nitroso-

arene by eliminating water. Finally, the nitroso-arene was assumed to be converted to 

azoarene via hydroxide transfer. Also, Peiris and co-workers discovered an AgPd alloy 

system to reductively couple nitrobenzene under visible light irradiation and ambient 

conditions, achieving a great conversion rate.4 Figure 8 introduces a possible 

mechanism involving Ag-Pd-H species as an essential intermediate for generating azo 

compounds.  

 

Figure 8 Proposed mechanism of reductive coupling of nitroaromatic compounds over 

Ag–Pd alloy NPs under visible light irradiation. Reproduced with permission from 

ref.4  

Metal NPs have also been involved in diverse reduction reactions, like selective 

reduction of epoxides,57 alkenes, and alkynes.58 Where the generation of important 

intermediate like Metal-H, Metal-OH facilitates the reduction transformations. 
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2.2.2.3 Other reactions based on supported metal photocatalysts  

Organometallic compounds mediated cross-coupling reactions have been applied to 

synthesize a variety of bonds, including C-C, C-O, C-N, C-S.59 These transformations 

have been regarded as an appropriate technique for synthesizing natural 60 medicines61 

and advanced materials.62 Among these reactions, some utilize metal NPs to conduct 

photocatalysis under ambient conditions and reach an incredible conversion and 

selectivity, which provides valuable protocols for designing efficient photocatalysts to 

drive chemical transformations with light. For example, Xiao et al. describe an Au-Pd 

alloy photocatalytic system that catalyzes five cross-coupling reactions under mild 

conditions, including Stille, Hiyama, Sonogashira, Ullmann C−C couplings, and the 

Buchwald−Hartwig amination.63 The temperatures of these reactions are slightly 

above room temperature, and the efficiency of these photocatalysts relies on the 

wavelength and intensity of the incident light. Towards the mechanism, Au-Pd alloy 

can strongly absorb incident light, where the conduction electrons on the Pd surfaces 

gain energy. According to density functional theory calculation, the energized 

electrons transfer from the NP surface to the absorbed reactant molecules, which 

activates the reactants. As the temperature rises, the reaction rates can be accelerated, 

and with the wavelength of the incident light goes towards UV range, some reactions 

with the chlorobenzene substrate can be driven. These discovery drives the exploration 

of new catalytic system to make chemical transformations happen under mild 

conditions. 

 

2.3 TRANSFORMATION FROM BIOMASS TOWARDS VALUE-ADDED 

FINE CHEMICALS 

2.3.1 Biomass-derived HMF  

Continuously growing demands for energy, chemicals, and materials force humans to 

explore more renewable and sustainable feedstocks instead of petrochemicals from 

fossil fuels.64, 65 lignocellulosic biomass (LCB) has a wide distribution globally with 

abundant reserves, making it an excellent potential to explore bio-based chemicals.66 

LCB initially includes lignin (20–30%) cellulose (40–50%), hemicelluloses (20–40%), 

and other trace components like protein and silica.67 Cellulose can be converted into 

sugars or phenol through depolymerization and then transformed into monomers such 
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as ethylene, HMF, lactic acid (LA), etc.12 Among these monomers, HMF is a top 

value-added bio-mass derived material because its derivatives (2,5-furandicarboxylic 

acid, 2,5-diformylfuran, furfuryl alcohol, and dimethylfuran) serve as building blocks 

in various fields, like pharmaceuticals, bio-fuels and polymers.68 It is a white low-

melting solid which is highly soluble in both water and organic solvents.  

 

Figure 9 The possible pathways of high value-added chemicals from biomass.  

One of the degradation products, furan-2,5-dicarboxylic acid (FDCA) has been 

suggested as an important renewable building block because it can replace terephthalic 

acid (PTA) in the production of polyesters and other current polymers containing 

aromatic moiety and has the advantage of being renewable. Industrial polymerization 

of terephthalic acid with ethylene glycol yields poly(ethylene terephthalate) (PET), 

which is produced at a rate of 50 million tons annually.69 To compete as a renewable 

alternative to PET, an FDCA-based polymer must meet the same high standards of 

stability, mechanical strength, color, transparency, and gas barrier properties. 

 

2.3.2 Oxidation of HMF to FDCA 

Both homogeneous and heterogeneous catalytic synthesis of FDCA from HMF is a 

promising technique for FDCA production. However, due to the ease of separation and 

recycling of heterogeneous catalysts, homogeneous catalysts are less attractive.70 

Besides, homogeneous catalytic synthesis of FDCA from HMF usually has lower 

FDCA yield, and the problem of by-products to be overcome. Therefore, 

heterogeneous catalysis of FDCA generation has been a more promising technique for 
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both experimental attempts and potential commercialization compared to 

homogeneous catalysis. A variety of heterogeneous catalysts have been used in the 

oxidative production of FDCA from HMF.71, 72 Air or pure oxygen are usually used as 

oxidizing agents during oxidation; hydrogen peroxide (H2O2) and potassium 

permanganate (KMnO4) are also used, however, molecular oxygen is preferred by 

researchers due to its higher oxidation potential, eco-friendly impact, and low cost. As 

well as platinum (Pt), gold (Au), ruthenium (Ru) and palladium (Pd), several metal 

supported heterogeneous catalysts have been developed and applied to HMF oxidation 

and FDCA with good catalytic activity, recyclability, and stability.73, 74 Most of the 

heterogeneous catalysis scheme in FDCA research currently consists of noble metal 

supported on oxides. 

Currently, HMF is selectively oxidized to FDCA over noble metal catalysts at elevated 

temperatures (80−150 °C). The disadvantages of these thermal catalytic oxidation 

processes are high catalyst costs, high energy consumption (due to high reaction 

temperatures), high oxygen pressures, and excessive base requirements, which impede 

industrial applications. Therefore, it is important to develop routes for selective 

oxidation of HMF into FDCA under mild conditions. The recent work on HMF 

oxidation to FDCA has been summarised in Table 1 with both thermo-assisted and 

photo-assisted reactions. These findings are HMF oxidation to FDCA using supported 

single metal NPs, like Au, Pd, Ru, Pt, and supported bimetallic NPs, such as Au-Pd, 

Au-Pt, etc. 

 

2.4 SUMMARY AND IMPLICATIONS 

According to the studies so far, the thermal reaction has thoroughly investigated the 

oxidation of HMF to FDCA. However, most of them have harsh reaction conditions, 

like high temperature and high pressure of oxidant gas, making them an obstacle to 

applying HMF oxidation in industry. On the other hand, the photo driven HMF 

oxidation to FDCA based on metal NPs is still worth exploring. This project starts by 

simplifying the reactions to mild conditions and utilizing solar energy to drive it More 

environmentally friendly. 
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Table 1 Recent heterogeneous catalytic synthesis of FDCA from HMF based on supported metal catalysts  

Catalyst  Light or 

Thermo 

Solvent  Base Oxidant Temperature 

(oC) 

HMF conversion 

(%) 

FDCA yield 

(%) 

Ref. 

Au/CeO2 Thermo H2O NaOH 1 MPa air 130 96 100 75 

Au/Al2O3 Thermo H2O NaOH 1 MPa O2 70 100 99 76 

Pd/PVP Thermo H2O NaOH 0.1 MPa O2 90 >99 90 77 

Pd/HT Thermo H2O -- 0.1 MPa O2 100 >99 >99 78 

Ru/ZrO2 Thermo H2O -- 1 MPa O2 120 71 100 79 

Ru/C Thermo H2O NaOH 0.2 MPa O2 120 69 100 80 

Pt/C Thermo H2O NaHCO3 1 MPa O2 110 99 99 81 

Pt/ ZrO2 Thermo H2O Na2CO3 0.1 MPa O2 75 100 94 82 

Pt-Bi/ZrO2 Thermo H2O Na2CO3 4 MPa air 100 99 97 83 

Pt–Bi/C Thermo H2O Na2CO3 4 MPa air 100 100 >99 84 

AuPd/pBNxC Thermo H2O Na2CO3 0.3 MPa O2 100 100 98 85 

AuPd/AC Thermo H2O NaOH 0.3 MPa O2 60 99 95 86 

AuPt/AC Thermo H2O NaOH 0.3 MPa O2 60 99 94 86 

AuPd/HT Thermo H2O NaOH 0.1 MPa O2 60 100 81 87 

AuPd/TiO2 Thermo H2O NaOH 1 MPa O2 70 100 90 88 

CoPz/g-C3N4 Visible light Na2B4O7 -- 1 bar air RT 99 97 89 

Ni/CdS Blue LED  H2O -- -- RT 100 100 90 
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Chapter 3: Materials and Methods 

3.1 MATERIALS 

The chemicals were purchased from commercial suppliers and used as provided。 

Cerium (III) nitrate hexahydrate (Sigma-Aldrich, Ce(NO3)3·6H2O, 99% trace metals 

basis), sodium borohydride (Aladdin, Shanghai, NaBH4, ≥98.0%), silver nitrate 

(Sigma-Aldrich, AgNO3, ≥99.0%), Palladium(II) chloride (Sigma-Aldrich, PdCl2, 

99%), 5-hydroxymethyl furfural (Sigma-Aldrich, >99%), Ethanol (Ajax Finechem, 

99.5%). The water used in all the experiments was prepared through an ultra-

purification system. 

 

3.2 CATALYST PREPARATION 

3.2.1 Preparation of CeO2 fiber 

The CeO2 support was prepared via hydrothermal treatment. In a typical synthesis, a 

mixture of Ce (NO3)3·6H2O (1.302 g) in deionized water (7.5 ml) and NaOH pellets 

(14.4 g) in deionized water (52.5 ml) was transferred in a stainless autoclave with a 

poly (tetrafluoroethylene) (PTFE) liner and was maintained at 100 ℃ for 24 h. After 

cooling the solution to room temperature, the solid was recovered from the autoclaved 

mixture and washed several times with water and ethanol. Finally, the product was 

obtained after being dried at 60 ℃ for one day. 

 

3.2.2 Preparation of supported silver and palladium NPs photocatalysts 

Two aqueous solutions of AgNO3 and Na2PdCl4 were reduced one by one onto CeO2 

nanofiber, where the wt% of Ag and Pd takes up 3 wt% in total. For example, 

Ag2.5/CeO2 was firstly prepared by reducing silver nitrate aqueous solution (0.01 M, 

11.95 ml) onto CeO2 powder (500 mg) with fresh NaBH4 aqueous solution (0.01 M, 

12.5 ml). Then Na2PdCl4 aqueous solution (0.01 M, 2.42 ml) was reduced onto 

Ag2.5/CeO2 (200 mg) by NaBH4 aqueous solution (0.15 M, 2.5 ml), leading to the target 

catalyst Ag2.5@Pd0.5.Where the volumes of NaBH4 used was proportional to its wt%. 
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The Na2PdCl4 solution was prepared by dissolving four times equivalents of NaCl with 

PdCl2 aqueous solution (0.01 M). 

3.3 INSTRUMENTS 

The particle size and morphology of the catalyst samples were characterized with a 

JEOL2100 transmission electron microscope (TEM) operating at 200 kV, equipped 

with a Gatan Orius SC1000 CCD camera. Nitrogen physisorption isotherms were 

measured at -196oC on the Tristar II 3020. Before each measurement, the sample was 

degassed at 120oC for 24 h under vacuum. An energy-dispersion X-ray (EDX) 

spectrometer (X-MAXN 80TLE, OXFORD Instruments) was equipped for elemental 

analysis. X-ray photoelectron spectroscopy (XPS) analysis was performed with a 

Kratos Axis Ultra photoelectron spectrometer using a mono Al Kα (1486.6 eV) source. 

The UV-visible diffuse reflectance spectra for the support and the photocatalysts were 

recorded using a Cary 5000 UV-VIS-NIR Spectrophotometer. X-ray diffraction 

(XRD) patterns of the samples were recorded on a Philips Analytical X’Pert PRO 

diffractometer using Cu Kα radiation (λ=1.5418 Å). The working power is 40 kV and 

40 mA. The diffraction data were collected from 10 to 90o with a resolution of 0.01o 

(2θ). Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were 

collected by a Nicolet-5700 spectrometer in the wavenumber range between 4000 and 

620 cm-1 at a resolution 4 cm-1. 

 

3.4 PHOTOCATALYTIC REACTIONS 

The photocatalytic reactions were conducted in 20 mL Pyrex glass tubes, sealed with 

parafilm after added reactants and catalyst. The reaction mixture was stirred 

magnetically and irradiated under a Nelson halogen lamp (Philips Industries: 500W, 

wavelength in the range 400-750 nm) as the visible light source. The light intensity 

was measured by a digital power-reading device (Newport Optical Power Meter, 

model 1918-C) to be 0.5 W/ cm2. Control reactions in the dark were carried out at the 

same temperature as the light reaction in an oil bath. The sample was diluted with 

water by 20 times and filtered through a Millipore filter (pore size 0.45 μm) at each 

time interval to remove the solid photocatalyst. The HMF oxidation products were 

quantified with commercial chemicals and analyzed by High-Performance Liquid 
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Chromatography (HPLC) 2014 coupled with LTQ Orbitrap Elite Mass Spectrometer 

(MS).  

The temperatures were carefully controlled with an air cooler attached to the reaction 

apparatus. In the 60 oC reaction system, the temperature increased to the target value 

within around 4 minutes, recorded well with a thermal imaging camera (Figure 10). 

 

Figure 10 Temperature growth during the reaction catalyzed by Ag2.5@Pd0.5 

photocatalyst, and the images were shot by FLIR thermal imaging camera. 

 

3.5 FDCA YIELD AND SELECTIVITY CALCULATION  

All the reactants, intermediates, and products, including HMF, HMFCA, FFCA (5-

Formyl-2-furancarboxylic Acid), and FDCA, were dissolved into deionized water to 

make a 0.05/20M stock aqueous solution. Then all the stock was diluted into a series 

of standards solution, 0.0025/20 M, 0.005/20 M, 0.01/20 M, 0.02/20 M, 0.03/20 M, 

0.04/20 M, 0.05/20 M to construct the calibration curve. After every reaction sample 

was diluted 20 times and measured by HPLC, the concentration of each reactant, 

intermediates, and product could be obtained according to the calibration curve. 

FDCA yield = 
𝐶𝐹𝐷𝐶𝐴

𝐶𝐻𝑀𝐹
 ∗ 100% 

FDCA selectivity = 
𝐶𝐹𝐷𝐶𝐴

𝐶𝐻𝑀𝐹𝐶𝐴+𝐶𝐹𝐹𝐶𝐴+𝐶𝐹𝐷𝐶𝐴
 ∗ 100% 
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Where 𝐶𝐹𝐷𝐶𝐴  represents the concentration of FDCA after reaction, as well as 

𝐶𝐻𝑀𝐹𝐶𝐴, +𝐶𝐹𝐹𝐶𝐴, and 𝐶𝐹𝐷𝐶𝐴. 

 

3.6 ETHICS AND LIMITATIONS 

The authors declare no ethics and limitations. 
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Chapter 4: Results and Discussion  

4.1 CHARACTERIZATION OF THE CATALYSTS  

The characteristic techniques include elemental analysis, Transmission electron 

microscopy (TEM), Scanning electron microscope (SEM), Energy-dispersive 

X-ray spectroscopy (EDS), and Ultraviolet-visible spectroscopy (UV-vis), X-

ray diffraction (XRD), were used in this project to describe the structural 

information of the photocatalysts. 

The transmission electron microscope (TEM) images of CeO2 supported sample 

showed that Ag2.5@Pd0.5 cluster-shell NPs dispersed evenly on the supports. The 

cerium oxide support was synthesized as fine nanofibers shown in the spectra. The 

mean diameter of the NPs loaded on the support is approximately 7 nm (Figure 11a 

and b). According to the High-resolution X-ray photoelectron spectra (XPS) fittings 

(Table 2), the actual Ag:Pd ratios for Ag2.5@Pd0.5/CeO2, Ag2.0@Pd1.0/CeO2, 

Ag1.5@Pd1.5/CeO2 are calculated to be 5:1.1, 2:0.99 and 1: 0.89. Apart from that, 

Energy-dispersive X-ray spectroscopy (SEM-EDX) mapping has also been conducted 

to verify the metal ratios (Figure 12), where the data indicated the ratios for these three 

samples are measured to be ,5:0.90, 2:1.13 and 1:0.99, the Ag/Pd ratios acceptably 

accord with expected values. Also, a TEM-EDX line scan has been conducted on the 

Ag2.5@Pd0.5/CeO2 surface across a typical Ag@Pd NP, the line profile analysis (Figure 

11d) and the information on the elemental composition indicate there are tiny 

palladium element dispersed outside the silver element. The line-scan spectrum proved 

the existence of the core-cluster structure for the Ag@Pd NP.  

Overall, the TEM, SEM-EDX, and XPS elemental analysis results confirm the Ag@Pd 

NPs have been successfully loaded onto the surface of cerium oxide, and the ratios 

between Ag and Pd are expected as experimental calculations. Also, the surface 

structure is supposed to be a core-cluster structure 
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Figure 11 Catalyst characterization of CeO2 supported Ag2.5@Pd0.5 photocatalyst. (a) 

Transmission electron microscopy (TEM) images. (b) Particle size distribution. (c) the 

lattice picture of the Ag@Pd NPs. (d) the line profile analysis of EDX spectra for a 

typical Ag@Pd NP and the elemental composition information. 

 

Table 2 XPS elemental composition of the photocatalysts: Ag2.5@Pd0.5/CeO2, 

Ag2.0@Pd1.0/CeO2, and Ag1.5@Pd1.5/CeO2. 

Entry Photocatalysts  
Ag (%) Pd (%) Intended 

Ag: Pd 

Actual Ag: 

Pd 

1 Ag2.5@Pd0.5 82.03 17.97 5:1 5:1.10 

2 Ag2.0@Pd1.0 66.69 33.31 2:1 2:0.99 

3 Ag1.5@Pd1.5 53.02 46.98 1:1 1:0.89 
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Figure 12 Scanning electron spectrum of (a) Ag2.5@Pd0.5/CeO2; Energy-dispersive X-

ray spectroscopy (SEM-EDX) mapping of (b) Ag2.5@Pd0.5/CeO2, (c) 

Ag2.0@Pd1.0/CeO2, and (c) Ag1.5@Pd1.5/CeO2 

The Powder X-ray diffraction (PXRD) results (Figure 13) have been conducted 

on a series of Ag@Pd samples with different Ag/Pd ratios, where the results 

show a slight change at around 38.6 degrees as the silver loading increases, 

which attribute to the Ag (111) diffraction.91 However, no direct reflection peaks 

correspond to metallic palladium because its content is extremely low. 

 

Figure 13 XRD patterns of catalysts with different Ag/Pd ratios. 

To investigate more insight into the surface structure of the Ag@Pd 

photocatalysts, Figure 14 shows the XPS spectra of stacked data from samples 
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with various Ag/Pd ratios and mixed Ag2.5 and Pd0.5/CeO2 samples. The mixed 

one has the same energy shift of Ag 3d and Pd 3d with pure Ag3.0 and Pd3.0/CeO2. 

However, photocatalysts prepared by the method introduced in this study exhibit 

different changes relating to different Ag/Pd ratios. These results indicate that 

the Ag/Pd NP are ready to be a combination instead of separated in this system. 

 

Figure 14 High resolution X-ray photoelectron spectra (XPS) for Ag 3d3/2, 3d5/2 and 

Pd 3d3/2, 3d5/2 of the photocatalysts: mixed Ag2.5&Pd0.5/CeO2, Ag3.0/CeO2, 

Ag2.5@Pd0.5/CeO2, Ag2.0@Pd1.0/CeO2, Ag1.5@Pd1.5/CeO2 and Pd3.0/CeO2. 

Also, the UV-vis spectra comparison between the Ag@Pd/CeO2 and the direct sum of 

Ag3/CeO2 and Pd3/CeO2 (Figure 15) shows a considerable difference. Therefore, it 

could be further confirmed that the Ag@Pd NPs are not separately dispersed on the 

cerium oxide but combined. 

 

Figure 15 Characterization of the Ag@Pd photocatalyst. (a-c) Comparison of the UV-

Visible spectra between the Ag@Pd/CeO2 and direct sum of Ag3/CeO2 and Pd3/CeO2. 

UV-vis spectra of the samples (Figure 16a) have provided much information on the 

light adsorption range. Firstly, it is evident from the spectra that the loading of silver 
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(Ag3.0/CeO2) enhances the light absorbance ability of CeO2. When the palladium is 

introduced onto the Ag3.0/CeO2 NPs, the absorbance of CeO2 is further improved. As 

palladium content changes to 0.4 and 0.5 wt.%, the two high TON (Turnover number) 

points were observed, which agree with the slight peaks in the UV-vis spectra. The 

spectrum of single silver NPs supported on CeO2 shows a broad peak at around 470 

nm due to the LSPR absorption of the tiny silver particles.92 The spectra of the Pd 

loaded catalysts strongly absorb visible light irradiation, proving the catalyst’s 

photoactivity. While the Ag NPs LSPR absorption peaks towards a high wavelength, 

we can speculate that the Ag NPs interact and blend well with the Pd NPs.17 The metal 

NPs gather closely and aggregate, causing scattering, which leads to intense light 

absorption between 500-800 nm.93 However, the support CeO2 has broad adsorption 

between 300-500 nm,91 the same as the CeO2 supported catalysts. Therefore, the UV-

vis spectra deducted CeO2 were also constructed. Figure 16b shows that CeO2 

subtracted Ag2.5@Pd0.5 and Ag2.6@Pd0.4 exhibit a clear adsorption peak at around 510 

nm, which agrees with the catalytic activity data (Table 4). This result proves that light 

adsorption will contribute to the catalytic activity. 

 

Figure 16 UV-visible diffuse reflectance spectra for the (a) support and the catalysts 

prepared by two reductions with different Ag/Pd ratios, (b) the spectra that have been 

deducted CeO2. 

Recent research has proved that the ensemble effect between the metal atoms 

and neighboring oxygen vacancies can promote oxygen transfer and drive 

reaction transformations.94, 95 Besides, it has been claimed that even the oxygen 

vacancy itself can serve as the active site and enhance the adsorption of the 

reactants to promote the chemical reactions.96, 97 Therefore, we explored the 



 

28 Chapter 4: Results and Discussion 

concentration of the catalysts’ surface oxygen vacancies and their chemical 

states. Figure 17 shows the XPS spectra and corresponding fittings of AgPd 

alloy and Ag@Pd catalysts, and Table 3 collected the Ce3+ concentrations. Pure 

CeO2 has a Ce3+ concentration of 35.1%, Ag1.5@Pd1.5/CeO2, Ag2.0@Pd1.0/CeO2 

have slight improvement to 37.2% and 39.1%, a peak value 41.4% was reached 

for Ag2.5@Pd0.5/CeO2. Compared to alloy catalysts with the same AgPd ratios, 

Ag@Pd catalysts have different increase on Ag1.5Pd1.5/CeO2, Ag2.0Pd1.0/CeO2, 

Ag2.5Pd0.5/CeO2, 9.2%, 4.6% and 5.6% respectively. As a result, we know that 

the preparing methods for Ag@Pd catalysts could create more oxygen vacancies 

to serve as the reaction sites than pure CeO2 and AgPd alloy catalysts and then 

promote the chemical transformations. 

 

Figure 17 XPS spectra and corresponding fitting curves of Ce 3d in (a) CeO2, (b) 

Ag3.0/CeO2, (c) Pd3.0/CeO2, (d) Ag2.5@Pd0.5/CeO2, (e) Ag2.5Pd0.5/CeO2, (f) 

Ag2.0@Pd1.0/CeO2, (g) Ag2.0Pd1.0/CeO2 (h) Ag1.5@Pd1.5/CeO2, (i) Ag1.5Pd1.5/CeO2. 

The green peaks are attributed to Ce3+ species (881.2, 884.9, 899.3 and 903.1 eV) while 
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the orange peaks are attributed to Ce4+ species (882.2, 888.2, 898.1, 900.7, 907.3 and 

916.7 eV).98 

Table 3 Proportions of Ce3+ and Ce4+ species in different catalysts. 

Entry Photocatalysts  Ce3+ species (%) Ce4+ species (%) 

1 CeO2 35.1 64.9 

2 Ag3.0/CeO2 33.0 67.0 

3 Pd3.0/CeO2 43.2 56.8 

4 Ag2.5@Pd0.5/CeO2 41.4 58.6 

5 Ag2.5Pd0.5/CeO2 35.8 64.2 

6 Ag2.0@Pd1.0/CeO2 39.1 60.9 

7 Ag2.0Pd1.0/CeO2 34.5 65.5 

8 Ag1.5@Pd1.5/CeO2 37.2 62.8 

9 Ag1.5Pd1.5/CeO2 28.0 72.0 

The proportion of Ce3+ species, P(Ce3+) was calculated using the following equation, 

of which the areas are the fitting areas in XPS: 

Proportion (Ce3+) =
Area (Ce3+) 

Area (Ce3+)+Area (Ce4+)
× 100% 

 

4.2 CATALYTIC PERFORMANCE OF HMF OXIDATION 

Various catalysts with different palladium loadings were tested, and the results 

(Figure 16) showed the support itself and Ag/CeO2 NPs did not contribute to the 

conversion. Pd/CeO2 NPs only exhibited limited activity. Interestingly, 

Ag2.5@Pd0.5/CeO2 had a high photoactivity on HMF oxidation to FDCA under 

the conditions listed, slightly higher than Ag1.5@Pd1.5/CeO2. On the other hand, 

when comparing the turnover number of Pd elements (Figure 18), 

Ag2.5@Pd0.5/CeO2 and Ag2.6@Pd0.4/CeO2 show very high values than any 

different catalyst samples.  

According to Figure 18a, when the Ag/Pd ratio reaches 2.5:0.5, an optimal 

FDCA yield is obtained, and the best light enhancement on the yield between 

light and dark reactions was received simultaneously. Figure 18b shows the 

TON number of the catalytic activity of the Pd element, where Ag2.6@Pd0.4 and 

Ag2.5@Pd0.5 have the highest value, indicating here palladium has the most 

efficient catalytic performance. 
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Figure 18 The reaction pathways for the catalytic oxidation of HMF to FDCA with 

molecular oxygen in water and the influence of palladium loading on (a) FDCA yield, 

and (b) TON (mol product/mol palladium loading). Reaction conditions without 

further noted: oxygen atmosphere at 60 oC using 0.15 mmol HMF, 0.4 mmol NaOH 

and 20 mg catalysts in 3 ml H2O, the irradiation intensity was 1.0 W/cm2. 

Table 4 Optimization of the conditions for the oxidation of HMF to FDCA. The effect 

of palladium loading on HMF oxidation to FDCA using CeO2 supported Ag@Pd 

photocatalyst showed the catalytic performance under dark atmosphere in parenthesis. 

Entry Catalyst FDCA yield (%) 

1 Ag3 0 (0) 

2 Ag2.9@Pd0.1 5 (3) 

3 Ag2.8@Pd0.2 13 (5) 

4 Ag2.7@Pd0.3 34 (11) 

5 Ag2.6@Pd0.4 67 (15) 

6 Ag2.5@Pd0.5 83 (16) 

7 Ag2.4@Pd0.6 79 (23) 

8 Ag2.2@Pd0.8 66 (33) 

9 Ag2.5 0 (0) 

10 Pd0.5 10 (2) 

11 Pd3.0 36 (12) 

12 CeO2 0 (0) 

The reactions above were conducted under an oxygen atmosphere at 60oC using 0.15 

mmol HMF, 0.4 mmol NaOH and 20 mg catalysts in 3 ml H2O, the irradiation intensity 

was 0.5 W/cm2 and the reaction time was 4 h.  
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We have also conducted a series of experiments to optimize the above 

conditions. At 60℃, when the light intensity decreases from 1.0 to 0.2 W/cm2, 

the productivity of FDCA also drops to 49%. On the other hand, when increasing 

the light intensity to 1.6 W/cm2, the FDCA yield was not growing anymore, 

which indicates the activity peak has already been reached. The data of the light 

contribution was graphed in Figure 19b. The FDCA yield dependence on the 

light intensity means that the oxidation of HMF to FDCA is driven by electron 

transfer over the Ag@Pd NPs, and it can be controlled by tuning the irradiation 

intensity. 

 

Figure 19 The influences of (a) light intensity, (b) temperature, (c) palladium loadings, 

(d) irradiation (0.5-0.6W/cm2) wavelength on FDCA yield. Reaction conditions 

without further noted: oxygen atmosphere at 60℃ using 0.15 mmol HMF, 0.4 mmol 

NaOH and 20 mg catalysts in 3 ml H2O, the irradiation intensity was 1.0 W/cm2. 

Apart from the irradiation intensity, the dependence of FDCA yield on light 

wavelength was also explored. Because the reaction is driven by the energetic 

electrons excited by the incident light, so the reaction rate could be improved by 
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increasing the amount of the electrons. Here the number of electrons can be 

increased by tuning the irradiation wavelength and intensity.99 An approach to 

telling if a reaction was driven by photo or thermal energy is the action spectrum, 

a one-to-one mapping between wavelength-dependent photocatalytic rate and 

the light extinction spectrum.100,101 In this study, a series of experiments were 

conducted at 60℃ under 0.5 W/cm2 irradiation with different wavelengths, 

410±5, 450±5, 500±5, 600±5 and 650±5 nm. The reaction rates were converted 

into apparent quantum yield (AQY%).63 The AQY% values are calculated as 

follows: apparent quantum yield (AQY%) = [(Mlight − Mdark)/Np] × 100%, where 

Mlight and Mdark are the molecules of products formed under irradiation and dark 

conditions, respectively, and Np is the number of photons participated in the 

reaction. The action spectrum of the oxidation of HMF by Ag@Pd/CeO2 is 

compared with its UV-vis absorption spectrum (Figure 19a). The action 

spectrum matches the catalyst’s UV-visible spectrum (Figure 16b), which 

proves the Ag@Pd catalyst drive the HMF oxidation to FDCA by photo energy. 

Temperature is also a critical factor in this photocatalytic reaction. It was found 

that light reactions were influenced significantly by temperature, and the FDCA 

yield nearly doubled from 30 to 60 oC (Figure 19c). When the temperature 

reached relatively high, the generation of by-products stopped the 

transformation from HMFCA to FFCA and FDCA, which resulted in the fall in 

FDCA yield. Compared to light reactions, the temperature change had little 

effect on the FDCA yield. The increasing temperature could increase the number 

of excited electrons, which can also get the energy from the LSPR effect.63 As 

a result, the Ag@Pd photocatalyst can couple both thermal and photonic energy 

to promote the HMF oxidation to FDCA. Overall, the photocatalytic oxidation 

of HMF achieved a good FDCA yield (83%) under 1.0 W/cm2 visible light and 

an excellent yield (91%) under 0.5 W/cm2 green light.  

Time-course reactions on pure Ag, Pd and Ag2.5@Pd0.5/CeO2 (Figure 20) 

catalysts under dark, visible, and green light were conducted to investigate rate-

determining steps for each catalyst. The data exhibits the excellent catalytic 

performance of the Ag2.5@Pd0.5 photocatalyst, avoiding mass loss and obtaining 

high FDCA yield under the same conditions compared to pure Ag and Pd 
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catalysts. Besides, Ag2.5@Pd0.5 significantly enhances the HMF conversion and 

transformation between HMFCA and FDCA compared to pure Pd catalysts. 

 

Figure 20 Time-course for the HMF oxidation reactions under dark and light 

irradiation over (a-b) Ag3.0/CeO2, (c-d) Pd3.0/CeO2, (e-f) Ag2.5@Pd0.5/CeO2, (g-i) 

Ag3.0/CeO2, Pd3.0/CeO2 and Ag2.5@Pd0.5/CeO2 under 0.5 W/cm2 green light. The 

reactions without specially pointed out were conducted under an oxygen atmosphere 

at 60℃ using 0.15 mmol HMF, 0.4 mmol NaOH and 20 mg catalysts in 3 ml H2O, the 

irradiation intensity was 1.0 W/cm2. 

Apart from these factors, the influence of the support and reaction atmosphere 

has also been investigated. Commercial CeO2, ZrO2, TiO2, SiO2, and MgO have 

been used as the different supports compared with synthesized CeO2 fibers, but 

little catalytical activity was found (Table 5). Compared to the oxygen 

atmosphere in this study, control experiments under air and argon (Table 6) 

exhibit no apparent activity. In conclusion, these data proved the unique 
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effectiveness of synthesized CeO2 fiber and the necessity of oxygen in this 

reaction. Also, the recyclability of the Ag2.5@Pd0.5/CeO2 photocatalyst has been 

tested. Figure 21 shows it exhibits stable catalytical activity after five runs, the 

conversion of HMF remains 100%, and the yields of FDCA fluctuate around 

83% with ±5%. The recycle study confirms the Ag@Pd/CeO2 catalysts are 

easily recoverable and stable in HMF oxidation reactions. 

Table 5 The effect of different support on HMF oxidation to FDCA using supported 

Ag@Pd catalysts, the catalytic performance under dark atmosphere was shown in 

parenthesis. 

Entry Support  FDCA yield (%) 

1 Synthesized CeO2 fibre 83 (16) 

2 Commercial CeO2 6 (4) 

3 ZrO2 3 (2) 

4 TiO2 4 (2) 

5 SiO2 2 (1) 

6 MgO 8 (25) 

 

 

Table 6 The effect of reaction atmosphere on HMF oxidation to FDCA at 60 oC using 

CeO2 supported Ag@Pd photocatalyst, the catalytic performance under dark 

atmosphere was shown in parenthesis 

Entry Atmosphere  FDCA yield (%) 

1 O2 83 (16) 

2 Air 44 (7) 

3 Ar 1 (1) 

The reactions above were conducted under an oxygen atmosphere at 60℃ using 0.15 

mmol HMF, 0.4 mmol NaOH and 20 mg catalysts in 3 ml H2O, the irradiation 

intensity was 0.5 W/cm2 and the reaction time was 4 h.  
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Figure 21 Recycle test of the Ag2.5@Pd0.5/CeO2 catalyst in photocatalytic oxidation of 

HMF to FDCA. Reaction conditions: 0.15 mmol HMF, 0.4 mmol NaOH in 3 ml H2O, 

oxygen atmosphere, 1.0 W/cm2, reaction temperature 60oC and reaction time 4h. 

According to the study above, Figure 22 shows a possible mechanism for the HMF 

oxidation reaction. The silver NP strongly absorbs the light irradiation, causing the 

shift of the hot electrons. HMF molecules are absorbed onto the surface of the Ag@Pd 

to conduct the oxidation process. The activated hot electrons transfer from silver to Pd 

surface to contribute to oxidation, OH- is also involved in the transformation and 

finally released as H2O. The products form and desorb the Pd NP surface into the 

aqueous solution. 

 

Figure 22 Proposed mechanism for the selective photocatalytic oxidation of HMF to 

FDCA over Ag2.5@Pd0.5 /CeO2 surfaces 
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Chapter 5: Conclusions 

This project introduced a new photocatalytic system of the Ag-Pd core-cluster 

supported on cerium oxide, which can efficiently catalyze the oxidation from HMF to 

FDCA with an excellent FDCA selectivity. The surface and spectroscopic properties 

of the catalysts have been analyzed by various characteristic techniques, including 

elemental analysis, ultraviolet-visible spectroscopy, transmission electron microscopy, 

scanning electron microscopy, X-ray diffraction, and energy-dispersive X-ray 

spectroscopy, X-ray photoelectron spectroscopy, and inductively coupled plasma 

optical emission spectrometry.  

It has been proved that incident light irradiation can enhance the catalytic activity of 

active metal sites, giving an excellent yield of FDCA (91%) under green light, and a 

good yield (83%) under visible irradiation. The preponderance of this work is the 

utilization of solar energy to drive this chemical transformation, and the reaction 

conditions are very mild. Moreover, the palladium loading amount on the photocatalyst 

is extremely small, making this transformation economic to drive. The mechanism of 

this transformation was proposed. As silver NP absorbs light irradiation, it shifts 

electrons, which then conduct the oxidation process by absorbing HMF molecules onto 

the surface of Ag@Pd by absorbing light irradiation. In the silver oxidation reaction, a 

hot electron is transferred from the Pd surface to the Pd surface, OH- is involved, and 

finally, H2O is released. In this reaction, products were generated and desorbed from 

the Pd NP surface into aqueous solution. 

This finding may inspire further studies on novel metallic photocatalytic systems for 

various chemical transformations driven by green energy sources and cost-effective 

materials. 
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