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 Abstract 

Cerium oxide in catalysis can be used both as support and as a catalyst itself. Ceria catalyses 

many oxidations reactions, its excellent catalytic properties are due to its store oxygen storage 

capacity (OSC) and the reticular defects present on its surface. Different morphologies expose 

different reticular planes, and different reticular planes can expose different amounts of defects. 

The preparation method of cerium oxide can influence the surface area, morphology, and the 

number of defects in the sample. This work is focused on different preparation methods for gold 

nanoparticles supported on 1D nanostructures of cerium oxide prepared via electrospinning, 

their XRD, DRUV-Vis and Raman characterizations, and their catalytic performance on the 

oxidation reaction of HMF to FDCA. 
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1 Research purpose 

Sustainable chemistry aims to minimise the environmental impact of processes, reducing waste 

production, avoiding the use of hazardous substances, and exploiting renewable sources.1,2 

The use of biomasses has gained increasing interest due to their abundance and ubiquity 

combined with the fact that they can be converted into a wide variety of products, from fuels to 

platform molecules for the synthesis of chemical products. Several platform molecules derived 

from renewable sources have now been identified. Among these, 5-hydroxymethylfurfural 

(HMF), belonging to the furan family, was of great interest. In 2004, the U.S. Department of 

Energy identified 5- hydroxymethylfurfural (HMF) as one of the top ten key platforms 

molecules. Industrially speaking, HMF nowadays is produced in modest quantity, but its 

production is expected to rise in the next years.1,3–5 

HMF can be obtained by dehydration of hexose sugars and has a high industrial interest; it is 

considered an important intermediate for the synthesis of a wide variety of alternative fuels and 

products, such as drugs, fungicides, polymers and molecules such as levulinic acid and 2,5-

furandicarboxylic acid (FDCA), a possible substitute for terephthalic acid in plastic 

production.6,7 

FDCA can be produced by oxidation of HMF but the processes currently used involve the use 

of homogeneous and heterogeneous catalysts under high pressure or temperature conditions.  

Cerium oxide is an interesting material for catalyst production for its availability, its excellent 

catalytic properties are given by the interaction with the defective structure of its surface and 

its store oxygen capacity (OSC). Different morphologies expose different reticular planes, and 

different reticular planes can expose different amounts of defects. The preparation method of 

cerium oxide can influence the surface area, morphology, and the number of defects in the 

sample. In particular, ceria nanostructures with high aspect-ratio seem to have high activity 

capabilities.8–12This research aims to synthesize, characterise, and test on the oxidation of HMF 

to FDCA a range of gold nanoparticles supported on electrospun ceria nanofibers catalysts, to 

investigate the link between the preparation method, the obtained morphology, and the activity 

of the catalysts. In order to assess the catalytic properties of gold on ceria systems, different 

gold-based catalysts were prepared starting from different supports: commercial ceria powders, 

electro-spun ceria nanofibers with and without gold precursors and undergoing different 

thermal treatments (pyrolysis and calcination).  
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2 Introduction   

In 2009 the United Nations Framework Convention on Climate Change in Copenhagen, 

Denmark, has ratified the Kyoto Protocol and is intended to reduce global emissions by 50% 

by 2050, comparing it to the relative emission level in 2006. Is also estimated that around 20% 

of CO2 emissions are released from the chemical manufacture sector, one possible solution to 

this concern is to use non-edible biomass crops to produce biochemicals, especially those which 

exists in the form of non-food lignocellulosic materials such as grasses, woods (hard and soft), 

and crop residues (corn stover, wheat straw, sugar cane, bagasse, etc.), serves as renewable 

feedstock and could be considered as an alternative source of the chemicals and energy 

currently derived from petroleum.13–16 Biomasses are a promising way to produce energy and 

chemicals from renewable resources, however, there are many concerns about the exploitation 

of lands and fields instead of using them for the production of food crops. HMF is considered 

a carbon-neutral feedstock for the production of fuels and other chemicals. In 2004, the U.S. 

Department of Energy identified 5- hydroxymethylfurfural (HMF) as a key platform chemical 

that can be the precursor to both chemical feedstocks and potential fuels, such as 2,5-

dimethylfuran (40% higher energy density than ethanol). 3,15,17,18 

 

2,5-Hydroxymethylfurfural (HMF, shown in Figure 1), is an aromatic compound made out of 

a furan ring with both the aldehyde and the alcohol functional groups in positions 2 and 5.  It 

was first discovered in 1875 as an intermediate product of the levulinic acid (LA) production 

from glucose. HMF is known in everyday life as a food improvement agent19, it contributes to 

the smell of tomatoes, onions, and tobacco. HMF is also produced throughout food cooking or 

during food stocking5,19,20, in fact, is used as an indicator of cooking grade, honey quality, or 

wine and grapes syrup stocking conditions. Industrially speaking, HMF nowadays is produced 

in modest quantity, but its production is expected to rise in the next years.1,5 

 

 

Figure 1: Structure of HM 

 

https://en.wikipedia.org/wiki/Carbon-neutral


9 

 

 Synthesis of HMF 

HMF is produced from oligosaccharides, polysaccharides, and hexoses sugars (especially 

fructose and glucose, Figure 2) via three dehydration reactions. The complete synthetic route is 

not simple and presents many side reactions, such as the formation of insoluble humic acids or 

further degradation of HMF to levulinic acid (LA)/formic acid (FA) mixtures. These reactions 

create a lot of issue for HMF yield.17 

 

 

Figure 2: simple scheme of the production of HMF from sugars 17 

 

Since the 1980s research in the development of efficient methods for HMF production from 

carbohydrates were almost exclusively focused on the aqueous-based mineral acid-catalysed 

system. Various studies demonstrated the positive effect of organic solvents (e.g. sulfolane, 

DMF and ethers) on HMF yield;15,17 one of the best results was obtained by Mercadier et al. 

and consisted of a 90% yield in DMF with resin Diaion PK-216 or 70% yield form glucose and 

polysaccharides in immonium and ammonium salts (also called ionic liquids). 16,21 

Biphasic systems have been tested during the 21st century too, in order to reduce the various 

selectivity or conversion issues of monophasic aqueous systems, but they suffer from scalability 

problems, due to the use of water and high boiling point aprotic solvents, including ionic liquids. 

The isolation of HMF from these solvents requires a large amount of organic solvent for the 

extraction and the lack of knowledge about solvent and catalyst recycling do not make the 

biphasic system ready for industrial-scale production yet. 1 
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1.1.1.1 The mechanism of the fructose dehydration 

Two different paths have been hypothesized to produce HMF (Figure 3) from dehydration of 

hexoses sugars, especially fructose and glucose:17 

• Path “a” includes transformation of ring systems. 

• Path “b” is an acyclic route.  

 

The scientific evidence confirmed path “a” as the correct one,22 because: 

• The easier formation of HMF from fructose or a fructose part of sucrose.  

• 2,5-Anhydro-D-mannose converts easily into HMF. 

• When the reaction was carried out in D2O starting from fructose, deuterium was absent in 

HMF. If 3-deoxyglycosulose (Figure 3, molecule “3”) was formed during the reaction, one 

should expect a carbon-deuterium bond due to the keto-enol tautomerism (Figure 3, 

molecule “2”). 

 

 

Figure 3: mechanisms for the fructose dehydration to HMF17 
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 Reactions on HMF and possible uses 

HMF is receiving increasing interest thanks to its possible applications as a platform molecule 

to produce products usually obtained from oil. HMF could be converted into a variety of 

compounds that will be used both as biopolymer precursors, biofuels and product with low 

environmental impact7 (as shown in Figure 4). Some of these substances are:  

• Caprolactam (Nylon 6 production)23 

• Caprolactone (PCL production)23 

• 1,6-Hexanediol (biomonomer)24 

• Adipic acid (biomonomer)25 

• 2-5 Dimethylfuran (biofuel)26 

• 2,5-furandicarboxylic acid or “FDCA” (biomonomer for biopolyesters)17,27–29 

• Levulinic Acid (chemical precursor)30 

• 2,5-Furandimethanol “DHMF” (biomonomer and chemical for crown ethers)7 

• Tetrahydro-2,5-furandimethanol “DHMTHF” (biomonomer, solvent)6 

 

 
 

Figure 4: possible products from HMF reactions 29 
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1.1.2.1 2,5-furandicarboxylic acid (FDCA) 

2,5-furandicarboxylic acid (FDCA) cloud be used as a biobased monomer for polyester such 

as PEF (Polyethylene Furanoate), a polyester in which the petrochemical-derived terephthalic 

acid is substituted by FDCA.17,29 

 

Figure 5: possible products from FDCA reactions29 

 

The synthesis of HMF into FDCA is divided into two steps: aldehyde oxidation and alcohol 

oxidation, it proceeds for two different pathways (Figure 6), forming 2,5-diformylfuran (DFF) 

and 5-hydroxymethyl-2-furan carboxylic acid (HMFCA), only HMFCA seems to be detected 

in the literature tests in alkaline solutions, because the first group to be oxidised is the carboxylic 

group. 31,32 The intermediate is then further oxidized to 5-formyl-2-furancarboxylic acid 

(FFCA), which is finally transformed to FDCA. 29,33 

 

 

Figure 6: two possible reaction pathways for the oxidation of HMF to FDCA 29 

http://bioplasticsnews.com/polyethylene-furanoate-pef/
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1.1.2.2 Levulinic acid (LA) 

HMF is an intermediate product in the production of levulinic acid (LA) from sugar (Figure 7). 

LA is an interesting chemical precursor, it could be used in the synthesis of high-value product 

as solvents, biofuels, and biopolymers such as γ-Valerolactone (GVL), Methyl acrylate, 

succinic acid or diphenolic acid. 34,35 

The GVL is particularly interesting because it presents several applications: 

• It is a non-toxic, degradable solvent and cheap industrial solvent.36 

• It could be used as biofuel as it is or transformed in valeric esters, to produce both 

gasoline and diesel fuel (via tuning the alkyl chain of the ester, Figure 8) or alkenes.37,38 

• It could produce biopolymers via reaction with amines as ammonia, ethanolamine, 

ethylenediamine or piperazine.39 

 

Figure 7: reaction route from HMF to LA 40 

 

 

Figure 8: reaction route from cellulose to LA, GVL and valeric esters 
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1.1.2.3 2,5-dimethylfuran (DMF) 

2,5-dimethylfuran (DMF) could be considered a good biofuel in alternative to conventional 

petrol-based gasoline, its calorific power (33,7 MJ/kg) is higher than the one of ethanol (26,9 

MJ/kg) and comparable with gasoline (43,2 MJ/kg). DMF has a research octane number (RON) 

of 119 and a stoichiometric air/fuel ratio that is  33% less than standard gasoline (10,72 

compared to 14,56), its thermal efficiency is considered comparable to gasoline. 18 

DMF is also used as a scavenger for singlet oxygen molecules and is used in its determination 

procedure in waters.41 The reactions mechanism involves first a Diels-Alder and then an 

hydrolysis that gives diacetylethylene and hydrogen peroxide as final products. 

 

 

Figure 9: Cellulose decomposition pathways in supercritical water40 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/2,5-dimethylfuran
https://en.wikipedia.org/wiki/2,5-dimethylfuran
https://en.wikipedia.org/wiki/Research_octane_number
https://en.wikipedia.org/w/index.php?title=Diacetylethylene&action=edit&redlink=1
https://en.wikipedia.org/wiki/Hydrogen_peroxide
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1.2 Oxidation of HMF with heterogeneous catalysts in the scientific literature 

There are various choices to make to carry out the oxidation of HMF both in a laboratory and 

on an industrial scale:  

• The type of catalyst 

• Systems to recover the catalyst and products 

• The metal for the active phase  

• The support  

• The oxidant 

• pH 

 

During the last decades, various systems have been tested for this reaction: heterogeneous 

catalysts, homogeneous catalysts, biocatalysts, electrochemical processes, and photocatalytic 

processes in both aqueous and biphasic systems. Heterogeneous catalysts are the most 

interesting, due to their stability and recyclability. Noble metals as Pt, Pd, Au, Ru have been 

reported in the literature for the oxidation of HMF.29,42 

 

 The choice of the oxidant 

Different oxidants have also been tested for HMF oxidation such as oxygen, air, H2O2, and 

KMnO4. Obviously, oxygen and air are often preferred because they are more available, 

cheaper, and environmentally friendly.29,43 

 

 Au-based oxidation catalysts 

The choice of support for Au-based catalysts have a great impact on the reaction’s performance 

in HMF oxidation to FDCA. E.g., using TiO2 and CeO2 as supports, Au-based catalysts showed 

nearly quantitative FDCA yields (yield of 99% at 65°C, 10 bar of air, reaction time of 8 h), in 

contrast, Au supported on carbon and Fe2O3 only reaches FDCA yields of 44% and 15% (under 

the same conditions) respectively.29 

As shown in Figure 10, HMF has been first fast oxidized to HMFCA via the formation of a 

hemiacetal-1 intermediate. Being that no FFCA has been directly observed, the hypothesis is 

that it has been formed via oxidation of HMFCA, and then FFCA has been quickly transformed 

into FDCA through the production of a second intermediate product, hemiacetal 2.  The rate-

determining reaction step is the oxidation of HMFCA into FDCA. 29,32 
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Figure 10: Oxidation pathway from HMF to FDCA, with possible intermediates and by-products32 

 

 

 

Reductive pre-treatment of Au/CeO2 has shown to increase the catalytic activity due to an 

increased amount of Ce3+ and oxygen vacancies for the hydride transferring and the O2 

activation during the oxidation of the alcohol group29, in particular: 

 

• The Lewis acid sites of Ce3+ and Au+ species of Au/CeO2 could accept a hydride from the 

C–H bond in alcohol or in the corresponding alkoxide to form Ce–H and Au–H, with the 

formation of a carbonyl species.31 

• The oxygen vacancies of CeO2 can activate O2 and form cerium-coordinated superoxide 

(Ce–OO) species, which evolves into cerium hydroperoxide by abstraction of hydrogen 

from Au-H. Cerium hydroperoxide then interacts with Ce–H, producing H2O and 

recovering Ce3+ centres. Au–H donates H and changed back to the initial Au+ species.44 
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1.2.2.1 Reaction oxidation pathway in basic aqueous solution with Au or Pd catalyst 

The reaction mechanism of the oxidation has been described by Davis et al. trough isotopic 

labelling, and it has been carried out in aqueous solution with molecular oxygen, Au catalyst 

(Au/TiO2) and a base (NaOH). 44,45 

The aldehyde of HMF reacts via rapidly reversible hydration to a geminal diol through 

nucleophilic addition of a hydroxide ion to the carbonyl followed by proton transfer from water 

to the alkoxy ion intermediate (step 1, Figure 11), this step was proved thanks to the 

incorporation of two 18O atoms in HMFCA when the reaction was performed in H2
18O. 

 

The second step is the dehydrogenation of the geminal diol intermediate, facilitated by the 

hydroxide ions adsorbed on the metal surface, to form the carboxylic acid HMFCA (step 2 

Figure 11). The next step is the oxidation of the alcoholic group of HMFCA to produce FDCA. 

The base deprotonates the alcoholic group to form an alkoxy intermediate in solution. 46 

 

Hydroxide ions on the catalyst surface then facilitate the activation of the C–H bond in the 

alcoholic group to form the aldehyde 5-formyl-2-furancarboxylic acid (FFCA) (Step 3, Figure 

11). The next two steps (steps 4 and 5, Figure 11) oxidize the aldehyde function of FFCA to 

form FDCA. These two steps are expected to proceed similarly to steps 1 and 2 for the oxidation 

of HMF to HFCA. 

 

 The reversible hydration of the aldehyde group (step 4, Figure 11) to a geminal diol 

incorporates two more 18O atoms in FDCA, which means that the overall oxidation reaction of 

HMF in FDCA uses water as source of oxygen atoms, instead of the easily available molecular 

O2, probably because of the participation of hydroxide in the catalytic process.  Nevertheless, 

molecular oxygen was essential during oxidation by removing electrons deposited into the 

supported metal particles. 45 
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Figure 11: mechanism of HMF oxidation to FDCA in alkaline solution45 
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1.2.2.2  HMF oxidation over Au-based bimetallic catalysts  

Various Au-based bimetallic catalyst shown also better properties than the corresponding 

monometallic catalyst. Au-Cu/TiO2 catalysts prepared via colloidal solution showed an activity 

greater of two factors than the monometallic AU/TiO2 catalyst, they presents also 100% HMF 

conversion and 99% FDCA yield under mild reaction conditions (10bar O2, 4 equiv. NaOH, 

95°C), good properties even under several uses, due to its resistance to poisoning and to 

leaching or agglomeration of Au nanoparticles.28 

Another interesting bimetallic catalyst is Au-Pd/AC. The catalysts, with molar ratio Au:Pd of 

8:2 on carbon support47, shown significantly increased stability and activity even after several 

runs, compared to the monometallic Au/Pd/AC that has only a yield of 20% after 5 runs. 

 

1.2.2.3 Base-free HMF oxidation over Au-based catalysts   

Aerobic oxidation of HMF is conducted in the presence of base excess 29but, for obvious 

economic and environmental reasons, base-free processes are very interesting. Au-based 

hydrotalcite supported catalyst (Au/HT) has been tested48 without the base in mild aqueous 

conditions (95°C, PO2= 1 bar, t=7 h), with a yield of 99% in FDCA. The Au deposited on other 

neutral or acidic supports (SiO2) shown a low activity, as expected because of the lack of basic 

sites. However, even with Au on basic support as MgO gave an FDCA yield of 21%; the TEM 

analysis revealed larger Au nanoparticles on MgO (>  10 nm) than on HT hydrotalcite (3,2nm) 

this could be the main reason for the lower activity of the Au/MgO catalyst. 

The catalysts Au/HT have been reinforced against leaching by Gao et al.,  the catalyst is 

supported on hydrotalcite and activated carbon (Au/HT-AC)49. This support is more resistant 

to Mg2+ leaching than Au/HT,50 but needs for a longer reaction time to reach the complete 

conversion, its catalytic activity (FDCA Yield = 99.5%, T=100 °C, 5 bar O2, t=12 h) comes 

from the availability of basic sites, its large surface area and the presence of hydroxyl and 

carbonyl groups on its surface. 

Au-Pd alloys have been developed as a base free catalyst too, they have been supported on 

carbon nanotubes49, NiO51 and layered double hydroxide CaMgAl doped with La52. They show 

almost 100% yield in FDCA but need high oxygen pressure and high reaction time. 
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1.3 Cerium(IV) oxide 

Cerium (IV) oxide or “ceria” is the oxide with the chemical formula: CeO2. It is a metal oxide 

of great interest, due to its intrinsic oxygen storage capacity (OSC), the interactions with the 

defective structure on the surface, and the relative abundance of Cerium in the earth crust, 

comparable to copper and higher than the one of  lead and tin.8,53,54 CeO2 is used in the 

automotive field to convert the exhaust gasses, like oxygen sensors, in membranes as a 

component in the fuel cells, in industrial chemical processes as catalyst support for water-gas 

shift and steam reforming or as catalyst itself. 55,56 

The crystal structure of cerium oxide is a face-centred cubic (fcc) fluorite type (Figure 12), the 

lattice is made of cerium cation, the interstitial octahedral sites are occupied by oxygen anions, 

each cerium cation is then coordinated by eight oxygen anions, while each oxygen by four 

cerium cations11,53.  

  

Figure 12: scheme of fcc structure of ceria57 

The properties of ceria came from its ability to reversibly release oxygen atoms transferring 

two electrons58 to two cerium +4 atoms and reducing them to cerium +3 atoms, forming a 

defective structure with chemical formula CeO(2-x) (0<x<0.5). The colour of the stoichiometric 

CeO2 is pale yellow due to the charge transfer Ce(IV)–O(II), otherwise, the more defective 

CeO(2-x) structure has a dark blue or even black colour. In extremely reducing conditions cerium 

(IV) oxide can be transformed into cerium(III) oxide (chemical formula: Ce2O3)
53, with a 

complete changing in the crystalline structure from fcc to hexagonal sesquioxide, which is not 

stable in air and it slowly oxidised back to CeO2.
59 
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The different defects present in ceria structure could be differentiated between intrinsic and 

extrinsic. Intrinsic defects are disorders in the structure induced both thermally or by interaction 

with the surrounding atmosphere. Extrinsic defects are given by doping agents or impurities in 

the structure. 57,60–62 

The main types of intrinsic point defects in the lattice are Frenkel,  oxygen vacancy, Schottky,   

and interstitial defects (Figure 13)57,63. These types of defects involve different atoms 

arrangements to maintain the charge balance in the structure: Frenkel defects are vacancies in 

the structure generated by oxygen ions of the lattice that moved from their positions to 

interstitial sites, this do not change the overall charge and stoichiometry of the lattice. In the 

oxygen vacancy defect, an oxygen ion is removed from its lattice positions, hence creating a 

vacant site and to maintain the charge balance in the lattice, two Ce(IV) ions reduce to Ce(III) 

ions. Schottky types are vacancies in the lattice structure of both cations and anions in 

stoichiometry amounts. The interstitial defect is the presence of two oxygens anions and one 

cerium cation in the interstitial sites that leaves three total vacancies in the lattice structure. 

 The predominant defects observed in reduced ceria are anion Frenkel pairs and oxygen anion 

vacancies and are outlined below respectively using the Kröger - Vink notation:  

𝑂𝑂
𝑋 + 2𝐶𝑒𝐶𝑒

𝑋 → 𝑉𝑂 + 2𝐶𝑒𝐶𝑒
′ +

1

2
𝑂2(𝑔) 

 𝑂𝑂
𝑋 ↔ 𝑂𝑖

′′ + 𝑉𝑂
.. 

In the Kröger - Vink notation 𝑂𝑂
𝑋 and  𝑂𝑖

′′ indicates oxygen ions in the lattice and in the 

interstitial position respectively, 𝑉𝑂 indicates an oxygen vacancy created at the lattice site. 𝐶𝑒𝐶𝑒
𝑋   

is a cerium ion in its lattice position and  𝐶𝑒𝐶𝑒
′  is a Cerium (III) atom. 

 

Figure 13: Possible types of point defects in CeO2 lattice. Key: Oxygen=dark grey circles, cerium= white 

circles, and vacant site=red square with “V.” 
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 The fact that the oxygen atoms lie on the same crystal plane allows them to spread as quickly 

as greater the number of vacancies present in the structure.57 The main low-Miller index planes 

are: (100), (110) and (111). Different nanostructures preferentially expose different faces, such 

as simple nanoparticles of ceria shaped as octahedra with broken off edges preferentially expose 

the face (111), the nano-cubes preferentially show the plane (100) (Figure 14), while nanorods 

tend to expose the planes (110) and (100). The particularity of the plans (110) and (100) is the 

higher number of vacancies given by their lower formation energy compared to the plane 

(111)11.  Sudipta et al. have measured the content of defects in different ceria nanostructures 

and it was found to follow the order nanorod > nanocubes > nano polyhedra. 64,65 

 The high reactivity given by the vacancies combined with the high aspect ratio structures can 

be exploited for the production of catalysts. However, in the case of catalysts supported on 

ceria, one must not only take into account the number of vacancies present on the support, but 

he has also to consider how the morphology influences both the dispersion of the metal and the 

metal-support interactions. 66,10,67,68,65 

 

 

Figure 14: exposed faces in a non-ideal ceria nanocube 
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 Types of nanostructures 

The various ceria nanostructures are differentiated according to their aspect ratio.  

Zero dimensions (0D) structures have similar dimensions in the three spatial directions, an 

example of these structures are octahedral nano, nano-spheres, and nano-cubes (Figure 15). The 

lowest energy structure is the octahedral one. Both octahedra and cubes often take truncated 

forms on both corners and edges. That is why ideal nanostructures, such as nanocubes, should 

only have plans (100), but experimentally there are both plans (110) and (111) (Figure 16).  10 

 

   

Figure 15: TEM images and corresponding 3D model of the nanocube (A) and nano octahedron (B)69 

 

 

Figure 16: simplified models of an ideal nanocube (A) and real nanocube (B) with the crystal planes exposed69 
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One dimension (1D) structures are particularly elongated in one spatial dimension; these 

structures have a high length-diameter ratio. The 1D category includes nanorods (Figure 17), 

nanotubes, wire-in-nanotubes, nanobelts, and nanofibres (Figure 18).  

 

Figure 17: TEM images and a 3D model of a nanorod69 

 

 

 

Figure 18: TEM images of a nanotube (A), a wire-in-nanotubes (B) and a nanobelt (C)70 

 

Two dimensions (2D) structures such as nanosheets (Figure 19), can be assembled with 

different shapes if needed, they can be square, round or elongated in one direction. Often their 

synthesis takes place starting from a reorganization of nanocrystals.71 
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Figure 19: TEM images of a nanosheet71 

 

Three dimensions (3D) structures have nanometric cavities and high values of width, length 

and thickness even of micrometric scale. Hollow microspheres typically have a porous surface 

structure (Figure 20 A). More particular structures are the nanospheres that assume a flower-

like conformation, the overall structures are micrometric while the pores have a nanometric size 

(Figure 20 B). This structure is particularly interesting because it manages to maintain the 

advantages of both micrometric and nanometric materials: the separation is easy because the 

overall structure is large microns, the petal structure prevents further aggregation, an 

interconnected structure and a high number of pores ensures a high surface area value. 72,73 

 

Figure 20: SEM images of a hallow ceria nanosphere (A) and several micrometric flowerlike ceria 

structures72,73 

A B 
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 Factors that influence the morphology of ceria 

Different synthesis methods have been developed to produce different ceria nanostructures: A 

variety of methods exist for the preparation of CeO2 nanostructures, including sol-gel 

approaches74, solid-state reactions75, mechanical–chemical processing76, solvothermal 

methods77, spray pyrolysis78, spray freeze drying79, ball milling80, hydrothermal81, 

electrospinning82, and precipitation techniques83. 

The morphological structure depends on the thermodynamic and kinetic conditions in which 

the material is formed. The most stable structure is formed under thermodynamic conditions. 

While the synthesis of structures at a higher energy level takes place through the control of the 

nucleation and accretion processes in the various directions. The factors that influence the 

obtainment of the different morphologies are common to all the synthetic methodologies and 

are pressure, temperature, pH, solvent, presence of additives, concentration, presence of 

templating agents and characteristics of the precursors. 
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1.4 CeO2 1D structures production via electrospinning 

This work is focused on the production and the study of ceria nanostructures used as catalyst 

support and prepared using electrospinning techniques.  

Electrospinning is a reliable technique to ideally form a continuous 1D structure of polymers 

or metal oxides with controllable diameter and morphology, such as nanofibers, nanotubes, 

wire-in-nanotubes, nanobelts, etc. 82 

The first electrospinning setup was patented in 1934, but the term “electrospinning” and a more 

detailed mechanistic understanding of the technique comes only during the 1990s with a more 

consistent number of publications about it. The electrospinning is essentially an extrusion of a 

polymeric solution from a charged needle or charged spinneret, the electric field formed 

between the spinneret and a collector surface stretch the material, while the solvent evaporates 

during the flying time. Tuning the geometry of the spinnerets, the components of the solution, 

the flow, the applied charge etc. and applying other operations steps (e.g., calcination, non-

solvent bath, etc.) is possible to obtain 1D structures with different geometries.   

 

  The electrospinning apparatus 

The main parts of a basic electrospinning apparatus are (Figure 21)82: 

• a syringe as solution reservoir 

• a pump for feeding the solution to be electrospun 

• a spinneret (e.g., the metallic needle on the syringe) 

• a high voltage power supply (DC) which supplies a high voltage (usually 1–50 kV) to the 

spinneret and, if possible, an opposite charge to the collector 

• a collector that collects the nanofibers; the collector could be either grounded or charged by 

the power supplier with an opposite charge to the one applied to the spinneret. 

 

When the high voltage supply is turned on, an electrostatic field is created between the spinneret 

and the grounded (or charged) collector. If the repulsive electrostatic forces overcome the 

surface tension between the liquid molecules, a polymer jet is generated and it is subjected to 

shear stress during its path to the collector. Both repulsive and coulombic electrostatic forces 

distort the shape of the liquid droplet in the proximity of the spinneret into a conical meniscus 

called “Taylor cone”. This structure is first transformed into a straight segment which is 

progressively stretched until forming fibres having a diameter in the nanometer scale. 
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Simultaneously, the solvent present in the polymeric jet evaporates, allowing to collect dry 

nanofibres on the collector (Figure 21-A). 

 

The polymer molecular weight, as well as solution concentration, should be selected carefully 

to carry out a stable electrospinning process and to obtain good quality nanofibres. The polymer 

solution must possess a sufficient viscosity to prevent the breakage of the travelling jet and 

avoid the formation of small droplets instead of nanofibres (electrospray, Figure 21-B). 

 

 

Figure 21: a possible spinning setup use for electrospinning (A) or electrospray (B) 

 

Different parameters must be taken into account to obtain the desired nanofibrous morphology: 

• Solution parameters (viscosity, surface tension, electrical conductivity) 

• Process parameters and type of apparatus 

• Environmental parameters 
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1.4.1.1 Solution parameters 

The viscosity determines the concentration range of the solution to obtain continuous and 

beaded-free fibres. Low polymer concentrations usually form drops and beads associated with 

the fibre due to insufficient polymer entanglement. Increasing the polymer viscosity reduces 

the dripping and tends to form fibre with a greater diameter, both the polymer concentrations 

and molecular weight can be tuned to obtain the desired viscosity and fibrous morphology 

 

The surface tension is less sensitive to the polymer concentration but is strongly dependent on 

the composition and the polarity of the solvent. It must be reduced in order to let the polymer 

be starched by the electrostatic force and create homogeneous fibres at low voltages. The 

surface tension can be reduced by changing the composition of the solution or adding a 

surfactant to it. A high surface tension could deform the polymer jet and even create droplets, 

leading to electrospray. 

 

The electrical conductivity is proportional to the ionic strength of the solution; it indicates the 

lower limit of the voltage to overcome the surface tension. The electrical conductivity at 

constant temperature depends on the type of polymer, pH, presence of salts, ionic surfactants, 

or organometallic salts as ceramic precursors. 

 

1.4.1.2 Process parameters and type of apparatus 

The electric field strength must be higher than a critical threshold value, over this value the 

electric force is greater than the surface tension and the fibre can be stretched. Both the electric 

field and the spinneret-collector distance has to be fixed to avoid wagging or dripping. Usually, 

the electric field required is lower than 4 kV/cm.84 

 

The feed rate is essential to control both the productivity and the diameter of the final fibre, as 

well as the process stability over time. By fixing this parameter, it is possible to obtain 

nanofibers with diameters between 5 and 100nm. 

 

A basic electrospinning apparatus produces random non-nonwoven fabrics, that can be 

employed as a catalyst, filters, and coating. For structural application aligned nanofibers could 

be required because their mechanical properties, in that case, the collector geometry, multiple 
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spinnerets distribution and deposition approaches (e.g., a submerged collecting surface in a 

non-solvent medium and the following stretching of the fibres) can be used to align the fibres85 

 

The spinnerets used can be a normal needle or can have a more complicated geometry to 

combine different spinning solution to produce a single composite material. Dual or coaxial 

spinnerets needle allow the combining of two different polymer solutions at the same time. 

Changing the geometry of the system is possible to create core-shell, bi-component, hollow, 

and porous NFs, (e.g.) core-shell NFs can be created via coaxial electrospinning of two different 

solutions, injecting the first one in the inner capillary (core) and the other one in the outer 

capillary (shell) at the same time to create composites fibres. 82 

 

1.4.1.3 Environmental parameters 

The ambient temperature, humidity, and air velocity in the electrospinning chamber are key 

factors to control the diameter, morphology, and uniformity of fibre diameters. Fast evaporation 

conditions produce smaller NFs but, if the conditions rise too much, they can cause problems 

with the flux of material in the spinneret.  

The humidity plays a fundamental role in the process. If it is higher than a threshold value it 

can alter the charge distribution on the growing NFs and lead to a bigger diameter, it could also 

create undesired corona discharges. A lower relative humidity level can lead to the formation 

of a porous surface texture by speeding up the solvent evaporation process.  

Soft templating methods and polymer blends have been used to obtain the desired surface 

texture and internal porosity. High volatile solvents or selective solvent extraction have been 

exploited to remove specifically some component of an extruded NFs and create the desired 

number of pores on it. Other methods to selectively remove a component can be used too, e.g., 

immersion/precipitation in a non-solvent bath or a cryogenic liquid. 
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 1D metal oxide structures synthesis via electrospinning 

1D nanostructures, such as nanotubes (NTs), nanobelts (NBs), nanofibers (NFs), and wire-in-

tubes (WTs), have gained special academic attention due to their special structure and large 

surface-to-volume ratio, which can apply in catalysis, batteries production and gas sensing 

technologies. However, they are not always easy to prepare, e.g., tem\tes contained in the fibres 

must be removed using a special organic solvent or further calcination steps to form a hollow 

structure. 86 

1D structures made from metal oxides are produced via electrospinning techniques from a 

solution containing their precursors (e.g. Ce(NO3)3·6H2O), a polymer (e.g., Polyvinyl alcohol) 

or a polymer blend, and co-solvents to control the viscosity and the ending surface texture (e.g. 

water or isopropanol).  The product is then heat-treated in order to form the desired metal oxide 

phase, remove the unwanted components (as the polymer used) and obtain the correct surface 

morphology. 

NTs prepared using a coaxial electrospinning technique requires an extremely complicated and 

expansive dual capillary nozzle. Furthermore, the diameter of the NTs prepared by coaxial 

electrospinning methods is rather large, which results in a low surface area. 

New techniques have been developed to obtain the desired morphology using a simple spinning 

setup and few synthesis steps.  

Kyriaki et Al. managed to optimise a facile spinning-calcination procedure to obtained 

nanobelts or nanotubes from the same spinning solution, containing N,N-Dimethylformamide 

(DMF), Polyvinylpyrrolidone (PVP), cerium nitrate and, chloroauric acid and using a simple 

mono-spinneret setup (Figure 22). Nanobelts samples have been prepared through one-step 

calcination, exploiting the Kirkendall effect, which pushes the cerium atoms to diffuse away 

from the centre of the fibres, a belt-like structure was formed, the width of the belts was lower 

increasing the temperature ramp. The nanotubes were prepared using a two-step heating ramp, 

exploiting the gas expansion energy given by the vapours of the solvent and the gasses from 

the degradation of both PVP and cerium precursors.86 
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Figure 22: Scheme of the calcination procedure to obtain nanobelts or nanotubes86 

 

Dengfeng et al.70 produced three different cerium oxide morphologies (Figure 23) using a single 

spinneret setup and a rotating grounded collector and a simple one-step calcination process, 

using different PVP in DMF solutions on the same spinning setup they influenced the final 

morphologies. 

The solutions were composed of PVP and cerium nitrate in DMF solvent and prepared using 

three different PVP with increasing molecular weight (K40, K50 and K90), in the solution with 

the highest PVP molecular weight they used as solvent a mixture DMF:EtOH in 1:1 ratio. 

After spinning the three solutions they obtained a similar nanofibers structure, then all the 

samples have been calcinated in a muffle at 600°C for 3h. 

SEM images of the samples after calcination revealed a nanotube structure for the sample with 

the lowest PVP molecular weight and a nanobelt structure for the sample with the intermediate 

PVP molecular weight. They proposed that this difference was caused by the more intense 

combustion of the PVP with the intermediate molecular weight, which resulted in a higher 

gasses pressure that buckled the structure into a flattened nanobelt, rather than a regular 

nanotube (Figure 24). The calcination of the third sample revealed a wire-in-tube structure, they 

assumed that due to the different boiling point of the two solvents (Teb-ethanol=78 °C, Teb-DMF 

=152°C), ethanol boiled first and the cerium nitrate on the surface was the first to degrade and 

left a rigid shell. Then, the inner gel-like core of the tube, composed of DMF and cerium nitrate, 
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started shrinking because of the DMF evaporation and the degradation of PVP and ceria 

precursor. This process left the thin wire structure encapsulated into the main nanotube. 

 

 

Figure 23: TEM images of a nanotube (A), a nanobelt  (B) and a wire-in-nanotubes (C)70 

 

 

Figure 24: Scheme of the processes involved in the production of nanotubes(A), nanobelts(B) a wire-in-nanotube 

(C)70 
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 CeO2 structures decorated with gold 

A metal phase can be added to the fibres in different ways82: by mixing a desired metal 

nanoparticles solution with the electrospinning solution, by adding a metal precursor (e.g., 

chloroauric acid) in the spinning solution, pre-forming the ceramic oxide NFs and then adding 

the metal NPs via wet laying or deposition precipitation.  

The method where the metal or its precursor is added in the spinning solution is called “one-

pot synesis”, these processes are cost-saving compared to the others. During the calcination 

step, the catalyst migrates from the inner parts of the fibre to its surface. Additional reduction 

steps may be required to obtain the desired metal phase. 

Metal nanoparticles or a metal precursor can be used both in the one-pot synthesis method. 86 

 

Both the one pot and two pot synthesis have been used To decorate CeO2 with Au NPs, the one-

pot systems have been performed both using already made Au NPs or HAuCl4 and PVP 

polymer as precursor inside the electrospinning solution.82 
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2 Experimental section 

2.1 Catalysts preparations 
In this research have been prepared both catalyst samples supported on commercial ceria in 

powders and on nanofibers. The samples prepared and tested in this work are listed in Table 1 

and resumed in  Figure 25. The commercial supports used are ceria Evonik Degussa Gmbh and 

Solvay Rhodia Actalys HSA5, these supports have respectively low and high surface area, as 

reported from BET analysis in Table 1. The gold-containing catalysts supported on the Evonik 

Degussa Gmbh ceria have been labelled "Au/CeO2 -C" while the catalyst supported on Ceria 

Solvay Rhodia Actalys HSA5 have been labelled "Au/CeO2 -HS" ("high surface"). All Au-

containing samples are 1.5% (wt./wt.) Au over the support. 

The nanofibers have been spun with and without chloroauric acid in the spinning solution. The 

fibres without chloroauric acid and the commercial sample have been subjected to a Deposition 

Precipitation (DP) procedure, the DP is a well-known method in our laboratory to prepare 

catalyst with metal nanoparticles on inorganic supports (description of the DP procedure in 

chapter 2.1.1). 

The nanofibers “as-spun” (after spinning) have been subjected to different calcination process 

in order to obtain the desired oxidic phase before the DP process. The heating ramp during the 

calcination in air was gentle, with a rate of 0.2°C/min and a isotherm maintenance at 300°C or 

550°C for three hours, this was meant to not compromise the nanofibers structure during the 

PVP combustion.1 The sample of nanofibers supports obtained (without the gold precursor) 

have been labelled CeO2-NF_300 or CeO2-NF_550 depending on the temperature chosen for 

the isotherm maintenance. The samples of catalysts obtained after gold deposition on these 

supports have been called “Au/CeO2-NF _300” or “Au/CeO2-NF_550”.   

HAuCl4 has been used as metal precursor in a different batch of fibres, where it has been added 

to the spinning solution. The resulted material after spinning has been labelled “Au/NF as 

spun”. In this sample, the PVP was still present, and the gold and the cerium were still in their 

precursor states. The “Au/NF as spun” have been used two prepare two different samples of 

catalyst following two different treatment: in the first one, the fibres have been calcined at 

300°C (sample called “Au/CeO2 -NF_C”). In the second one, the fibres have been thermal 

treated under N2 flow and then calcined in air, both the treatments have been performed at 

300°C (samples labelled “Au/CeO2 -NF_P” after the heat treatment in N2 and “Au/CeO2 -
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NF_PC” after the calcination in air). The detailed spinning procedure has been reported in 

chapter 3.3. 

All the catalysts used have a metal loading of 1.5%wt, but, at the end of the DP, the solution of 

the first batch of nanofibers calcined at 550°C (sample Au/CeO2 -NF_550 ) was still slightly 

magenta, suggesting the presence of some gold residue. Thus, the gold remaining in the solution 

was dissolved with a few drops of royal water and then determined by emission spectroscopy 

via ICP. The obtained result permit to calculate the experimental load of gold on sample 

Au/CeO2 -NF_550  as 1.43%wt., unlike the 1.5%wt. expected.  

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Resume of the preparations of the catalysts 

CeO2 -HS_300  

CeO2 -HS_550 

CeO2 -HS 

 

Au/CeO2 -HS 

Au/CeO2 -NF_C 

Calcination in air at 300°C 

 

Calcination in air 

at 300°C or 550°C 

  

CeO2 -C_300  

CeO2 -C_550 

CeO2 -C 

 

Au/CeO2 -C 

with chloroauric acid 

Au/CeO2 -NF_P 

NF with Au 

“as spun” 

 

Au/CeO2 -NF_PC calcination 

at 300°C 

       +Au by DP 

calcination at 300°C 

Calcination in 

air at 300°C 

and 550°C 

 

CeO2 -NF_300 

CeO2 -NF_550 

Au/CeO2 -NF_300 

Au/CeO2 -NF_550 

NF         

“as spun” 

 

Calcination in air at 300°C 

 

Calcination in air 

at 300°C or 550°C 

  



44 

 

Support Sample name Notes: 

Ceria Evonik 

Degussa GmbH 

CeO2 -C Commercial ceria support, low surface 

CeO2 -C_300 Commercial ceria support, low surface, calcined at 

300°C 

CeO2 -C_550 Commercial ceria support, low surface, calcined at 

550°C 

Au/CeO2-C Au supported on low surface commercial ceria, 

synthesised via DP, calcined at 300C° 

Ceria Solvay 

Rhodia Actalys 

HSA5 

CeO2 -HS Commercial ceria support, high surface 

CeO2 -HS_300 Commercial ceria support, high surface calcined at 

300°C 

CeO2 -HS_550 Commercial ceria support, high surface, calcined at 

550°C 

Au/CeO2 -HS Au supported on high surface commercial ceria, 

synthesised via DP, calcined at 300C° 

Electrospun 

nanofibers 

CeO2 -NF_300 Ceria nanofiber support, calcined at 300°C 

CeO2-NF_550 Ceria nanofiber support, calcined at 550°C 

Au/CeO2-NF _300 Au supported on nanofiber support calcined at 

300°C, synthesised via DP 

Au/CeO2-NF _550 Au supported on nanofiber support calcined at 

550°C, synthesised via DP 

Electrospun 

nanofibers (spun 

with chloroauric 

acid) 

Au/CeO2-NF_C Prepared by electrospinning using a solution 

containing HAuCl4 and calcinating the fibres at 

300°C in air 

Au/CeO2-NF_P Prepared by electrospinning using a solution 

containing HAuCl4 followed by thermal treatment 

at 300°C in N2 

Au/CeO2-NF_PC Prepared by electrospinning using a solution 

containing HAuCl4 followed by thermal treatment 

at 300°C in N2 and calcination in air at 300°C 

Table 1: Surface area and data of catalysts and supports 
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 Procedure for Deposition Precipitation (DP) of gold nanoparticles on ceria supports 

The procedure used to perform the Deposition Precipitation (DP) on the supports is a well-

known procedure for the preparation of gold supported catalysts2. The DP was performed by 

preparing a suspension of 0,75g of ceria in 112.5g of distilled water and a solution of HAuCl4 

with a concentration of 1mM, both brought to pH 8 using NaOH 0,1M. The solution of 

chloroauric acid was slowly added drop by drop into the ceria solution which was kept under 

vigorous stirring and pH 8 throughout the process to allow the deposition of hydroxide gold on 

the ceria support. At the end of the dripping process, the resulting solution was heated to 65 ºC 

for two hours under stirring and then, placed in an ultrasonic bath for 15 minutes. This last step 

was avoided during the DP process on nanofibers, in order to not compromise the nanostructure 

of the support. The solid was then separated from solution via filtration, washed several times 

with distilled water to eliminate residual chlorides, dried overnight in the stove at 110°C and 

finally calcined at 300°C or 550°C in a muffle, following a heating ramp of 2°C/min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



46 

 

2.2 Instrumentation, reagents and methods 

 Electrospinning setup 

The electrospinning setup used is composed of three main parts: a high voltage power supply, 

an infusion pump, and a grounded metallic plate as collector, covered with parchment paper, 

this type of paper was selected because the spun material doesn’t stick to it, and was possible 

to remove it from the surface without damaging it (exposed from left to right in Figure 26). A 

glass syringe with a volume of 5 mL has been used to store the spinning solution during the 

process, the syringe has been mounted on the top of the pump and was equipped with a steel 

needle with an internal diameter of 0.51mm. The high voltage power supply has been used to 

charge the needle of the syringe (Figure 27), meanwhile, the collector was grounded in order to 

collect as many fibres as possible. The generator is a DC power supply FUG HCP and the pump 

is made by kdScientific.  

 

Figure 26: photo of the electrospinning setup: the high voltage power supply, the infusion pump and the 

collector (from left to right) 

 

 

Figure 27 the syringe mounted on the top of the pump in the electrospinning setup. 
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 Transmission electron microscopy (TEM)  

Using TEM microscopy is possible to obtain extremely accurate images with a resolution of 

few nanometres. Exploiting the transmission of electrons through thin samples and their wave-

nature is possible to tune the size of the electron beam using magnets as “magnetic lenses” to 

collimate the electrons on the sample or magnify the beam on the detector.  

The sample was first dispersed in isopropyl alcohol and sonicated for 15 min. The solution is 

deposited on a perforated carbon film supported by a gold grid. The preparation was then dried 

at 80 °C. The Transmission Electron analyses were performed with a FEI TECNAI F20 

microscope operating at 200 keV. The instrument is also equipped with Energy Dispersive X-

ray Spectrometry (EDS) and the STEM accessory. The TEM images were taken in the phase 

contrast mode and Selected Area electron diffraction (SAED). STEM pictures were recorded 

using a High Angle Annular Dark Field (HAADF) detector. 

 

 Surface area BET 

The instrument used to measure the surface area is a BET Fisons Sorpty 175. This technique 

uses the theory of BET (by the developers Brunauer, Emmett and Teller); the area is measured 

by determining the amount of gas of the monomolecular layer of nitrogen absorbed on the 

sample. 

The amount of physically adsorbed gas on the sample is measured by the thermal conductivity 

difference of the gas before and after the absorption. 

The most favourable conditions for the adsorption of a gas on the surface of the solid occur at 

the temperature of liquid nitrogen (77 K), so, the sample is pre-treated under vacuum at 120°C, 

in order to remove water or other volatile compounds, then the whole vial is submerged by 

liquid nitrogen and the measurement is carried out when it reaches the thermal equilibrium. 

𝐵𝐸𝑇 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 =

𝑉𝑚

𝑉0
· 𝑁𝐴  · 𝐴𝑁2

𝑔
 

• V0= molar volume of the gas 

• Na= Avogadro constant 

• AN2= diameter of the nitrogen molecule 

• g= mass of the sample  
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 Diffuse reflectance spectroscopy (DRUV-vis) 

DRUV-VIS spectroscopy is a well-known technique used for both qualitative and quantitative 

measures. The spectrometer used is a Lambda-19 from Perkin Elmer and is equipped for both 

measure absorption and transmittance of liquid samples or reflectance measure on solid samples 

using an integrating sphere from Ulbricht. 

 

 X-ray diffraction (XRD) 

All catalysts and supports were characterized by X-Ray Diffraction (XRD) analysis. Analyses 

were carried out at room temperature using a diffractometer Philips X’Pert X’Celerator and 

using the radiation from a Cu anode (emission wavelength Kα equal to 1,5718 nm). The 

acquisitions were made in increments of 0,050 °/s within the range of 20 e 80 2θ and 0,084°/s 

between 36 e 41 2θ.  

Figure 28 outlines the main components of an X-ray diffractometer. When an X-ray is sent to 

a powder sample it is diffracted at different angles by the atoms forming in the crystalline 

structure of the soli. These diffracted rays create constructive or destructive interferences 

depending on which crystal planes they hit, but only the constructive interferences lead to a 

signal at the detector, every signal is reported at the diffraction angle it is detected. 

We are able to understand the crystal structure of the sample Using Bragg’s law, which relates 

distance between two crystal planes with the angle to have a detected signal using a fixed 

wavelength, the distance is unique for every crystal structure: 

𝑛 ⋅ 𝜆 = 2𝑑sin(𝜃) 

• n = positive integer number  

• λ = wavelength of the incident wave 

• θ = diffraction angle  

• d = distance of two adjacent planes 
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This technique could be used to calculate the dimensions of the crystallites through the Scherrer 

equation: 

𝜙 =
𝑘𝜆

𝛽cos𝜃
 

• Φ is the average size of crystallites. 

• K is the shape factor and is a dimensionless number. 

• λ is the X-ray wavelength. 

• β is the line broadening at half the maximum intensity (FWHM), after subtracting the 

instrumental line broadening in radians. 

• θ is the Bragg angle of the centre of the peak. 

 

Figure 28: scheme of an XRD instrument 
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 Raman Spectroscopy 

Raman is a spectroscopic technique used to determine vibrational modes of molecules, it can 

provide local symmetry breaking and vibrational changes in the bonding pattern and molecular 

fingerprint. This technique relies upon the Raman scattering effect, that is the inelastic 

scattering of photons coming from a monochromatic source, typically a laser in the range Nir, 

visible or UV or an X-ray source.  

When a monochromatic beam of light hits the surface of a solid, part of the radiation is diffused, 

with the three possible modes ( Figure 29 ). Most of the light is scattered elastically: the system 

passes from a certain vibrational level of the fundamental electronic state to a higher energy 

level, but then falls almost instantly into the original vibrational level, emitting radiation with 

a wavelength equal to that of the original incident beam (Rayleigh scattering). A very small 

proportion of light can be inelastically diffused when the system passes to an excited state and 

then falls into a vibrational level different from the previous one: if the final vibrational level is 

higher than the initial one, a radiation with a wavelength greater than that of the incident beam 

is generated in the process (Raman scattering of Stokes type, or, if the final vibrational level is 

lower energy than the initial one a radiation is generated with a wavelength less than that of the 

incident beam (Raman scattering type anti-stokes). The reciprocal of the difference in 

wavenumber between the incident light and diffuse light by Raman effect is called "Raman 

shift" and is expressed in cm-1, the original beam has a Raman shift equal to 0 cm-1. The anti-

stokes components are however less intense than the corresponding Stokes components, 

because at room temperature there are obviously few phonons that can be combined with 

incident photons; increasing the temperature the intensity of the anti-stokes components 

increases compared to that of the corresponding Stokes components. 

When a sample is illuminated in a Raman spectrometer (Figure 30) with a laser beam the light 

from the illuminated spot is collected with a lens and sent through a monochromator. The 

elastically scattered radiation at the wavelength corresponding to the laser line is filtered out by 

either a notch filter, edge pass filter, or a bandpass filter, while the rest of the light reaches the 

detector. The Raman spectrometer used is a Renishaw Ramanscope 1000 instrument equipped 

with a Leica DMLM and the light source is a green laser with a wavelength equal to 514nm. 
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Figure 29: Scheme of the energy level involved in Raman scattering (a) and the resulting signals (b) 

 

 

Figure 30: scheme of a Raman spectrometer 
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 Thermogravimetric analysis and differential thermal analysis (TGA/DTA) 

Thermogravimetric analysis (TGA) is a technique in which the mass of a sample is monitored 

against time or temperature during controlled heating with a precise heating ramp and in a 

controlled atmosphere (Figure 31). The instrument used was a TA instrument SDT Q 600. The 

resulting curve from the remaining mass of the sample against time or temperature can provide 

information regarding thermal stability or other changes in the sample structure, phase 

transitions, absorption/desorption phenomena, intermediate products formed and the 

composition of solid residue.  

The Derivative Thermogravimetry (DTG) is the first derivative of a TGA analysis over time or 

temperature.  In the majority of cases subsequent decomposition processes give overlapping 

decomposition stages, a certain decomposition reaction is not yet finished when the other one 

commences at a higher temperature. In most cases, a reliable qualitative and quantitative 

evaluation of the TG curve is impossible without having its first derivative DTG curve. The 

DTG curve is calculated fro the original DTA curve against time (-dm/dt) or temperature (-

dm/dT). 

The Differential thermal analysis (DTA) is a technique that measures the temperature difference 

between a sample and a thermally inert reference material while both the sample and the 

reference materials are subjected to the same controlled temperature program. This technique 

provides the heat flow involved in every changes or reaction that take place in the sample.  

 

Figure 31: general scheme of a thermogravimetric instrument 
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 Attenuated total reflectance (ATR) 

ATR is an analytical technique that exploits the phenomenon of total internal reflection to 

recognise a chemical compound, its functional groups and its fingerprint absorbance or 

reflectance pattern, in liquid or solid samples without further preparation (Figure 32). Using a 

material with a higher reflective index, in order to collect the IR beam at the other side of the 

crystal, otherwise, the radiation would be absorbed by the sample. If the reflective index of the 

crystal is higher than the sample, an IR beam that enters from a side of the crystal can be 

reflected several times in it creating only an evanescent wave in the sample that penetrates 

between 0.5 and 2 µm and reach the sensor placed to the other side of the crystal. The ATR 

crystals usually are made of diamond, germanium, zinc selenide, or silicon. The ATR has been 

purchased from Bruker Alpha. 

 

 

Figure 32: scheme of an ATR measure 

 

 

 Scanning electron microscope (SEM) 

A SEM microscope can provide images of the surface of a sample with a high resolution, thanks 

to the interactions between the sample and the electrons generated by the thermionic effect from 

a tungsten cathode of an electron gun. 

The samples need some preparation before being subjected to the high energy electron beam 

while placed in the vacuum chamber of the microscope, this preparation consists of cutting a 

small piece of the sample, placing it on an older with conductive adhesive and, if the sample is 

not conductive, coated with a conductive material such as a thin layer of noble metals. The 

SEM used is a FESEM Carl Zeiss Sigma NTS, GmbH Öberkochen, Germany. 
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 Reagents 

In Table 2 are shown the chemical reagents used during the project for the oxidation reaction 

experiments, the calibration curve solutions for HPLC and the preparation of the catalysts. 

Chemical compound Formula Physical 

state 

M.W. 

(g/mol) 

Purity 

(%) 

Supplier Abbreviation 

used 

Sodium hydroxide 

 

NaOH 

 

White 

pellets 

39.99 

 

>98 

 

Sigma-

Aldrich 

 

- 

5-

(Hydroxymethyl)furan-

2-carbaldehyde 

 

C6H6O3 

 

White 

solid 
126.11 99.99 

AVA 

Biochem 

 

HMF 

 

5-Hydroxymethyl-2-

furancarboxylic acid 

 

 

C6H6O4 

 

White 

solid 
142.11 99.99 

Toronto 

Research 

Chemicals 

 

HMFCA 

Furan-2,5-

dicarbaldehyde 

 

C6H4O3 

 

Yellow 

solid 
124.09 99.99  

Toronto 

Reserch 

Chemicals 

 

DFF 

5-Formyl-2-

furancarboxylic Acid 

 

C6H4O4 

 

Grey solid 140.09 99.99  

Toronto 

Reserch 

Chemicals 

 

FFCA 

Furan-2,5-dicarboxylic 

acid 

 

C6H4O5 

 

Brown 

solid 
156.093 99.99 

Toronto 

Research 

Chemicals 

 

FDCA 

Tetrachlorauric acid 

trihydrate 
HAuCl4·3H2O 

Yellow 

liquid 
393.833 99.995 

Sigma-

Aldrich 

 

- 

Ethanol 

 

C2H6O 

 

Colourless 

liquid 
46.069 99 FDCA EtOH 

Cerium nitrate 

hexahydrate 
Ce(NO3)3·6H2O 

White 

solid 
326.13 99.995 

Sigma-

Aldrich 
- 

1-ethenylpyrrolidin-2-

one 
(C6H9NO)n 

White 

solid 
1,3*106 99 

Sigma-

Aldrich 
PVP 

Cerium(IV) oxide CeO2 
Yellow 

powder 
172.115 99.95 Evonik 

Low surface 

support or 

“CeO2-C” 

Cerium(IV) oxide CeO2 
Yellow 

powder 
172.115 

99.95 

 
Solvay 

High surface 

support “CeO2-

HS” 

Table 2: Chemical compound used. 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O4
https://pubchem.ncbi.nlm.nih.gov/#query=C6H6O4
https://pubchem.ncbi.nlm.nih.gov/#query=C6H4O3
https://pubchem.ncbi.nlm.nih.gov/#query=C6H4O3
https://pubchem.ncbi.nlm.nih.gov/#query=C6H4O4
https://pubchem.ncbi.nlm.nih.gov/#query=C6H4O4
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 Reactor 

The reactor used for catalytic testing is a steel Parr autoclave 5500 series compact reactor. The 

body and the head of the steel reactor are joined with a Teflon gasket and kept closed by two 

screw clamps. The scheme of the reactor and the reactor are shown in Figure 33 and Figure 34. 

A manometer, a rotor for agitation, a safety disc (V4), a pressure gauge, a thermocouple and 

three pin valves (V1, V2 and V3) are placed in the reactor head. V1 and V2 are equipped with 

a Swagelok connector, V1 serves as feed valve, it has been used to purge and to feed the reactor 

with oxygen. Both V1 and V2 are connected to the same dip tube in the reaction mixture. 

The pressure gauge, the thermocouple and the rotor engine are electronically connected to a 

Parr 4848 reaction controller that serves both as pressure indicator, temperature controller and 

agitation controller. The heating is provided by a heating mantle which is connected with the 

controller that adjusts the heating depending on the temperature measured by the thermocouple. 

 

Figure 33: Scheme of the rector used in the project 
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Figure 34: Photo of the reactor and the controller used (from the bottom to the top) 
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 Reaction procedure 

The reactions were performed in a batch reactor using 53 mg of catalyst, 55.5mg of HMF, 70.4 

mg of NaOH and 25g of distilled water. The loading of the reactor was performed to minimize 

the contact time between NaOH and HMF. After the loading the reactor was sealed with two 

clamps and six screws, purged three times with oxygen and loaded with 10bars of oxygen. The 

reactor is then placed in a heating mantle and heated to the desired temperature. At the end of 

the reaction time the reactor is cooled in an iced bath, unloaded, and opened. The reaction 

mixture is then centrifugated for 15 minutes at 4500rpm to separate the solid catalyst, filtered 

with a syringe and diluted 1:10 to be analysed via HPLC. 

 

 High-performance liquid chromatography (HPLC) 

HPLC is a widely used and well-known form of chromatography used in chemistry and analysis 

to separate, quantify organic compounds in a solution. This system relays on the different 

affinity of different components in a mixture to the stationary phase (a packed material 

contained in the chromatography column) and the mobile phase (the solvent used in the 

process), in order to separate them at different reaction time at the end of the column. The flow 

of solvent that carries a small volume of sample is pushed in the column by a pump, at the end 

of the column are present one or more detectors to identify and measure the amount of the 

different analytes. 

The chromatographic analysis have been carried out in an Agilent Technologies 1260 Infinity 

with an autosampler device. The column used was a BioRAD AMINEX HPX 87H (300 x 

7.8mm).  

The analysis were performed injecting 5µL of the sample into the mobile phase: a solution of 

ultra-pure water and sulphuric acid 5mM with a flow of 0.5 mL/min, while the stationary phase 

was made of styrene-divinylbenzene resin with a porous structure able to separate the molecules 

according to their hydrodynamic size. The resin was also functionalized with an 8% link H+ to 

further separate the molecules thanks to an ion-exchange mechanism. A Diode Array Detector 

(DAD) was used as detector at the wavelength: 251, 264 and 284nm. An example of 

chromatograph is reported in Figure 35 and a resume of the retention times and the intensity 

used for the analysis of each species is reported in Table 3. As is possible to notice from Figure 

35, the different species have different response factors at different wavelengths, so the 

response factors were calculated accordingly during calibration. The information reported from 
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HPLC analysis has been used to calculate the HMF conversion, the yields in the products and 

the carbon loss for each reaction performed. 

 

Figure 35: Chromatogram of a mixture of HMF and its oxidation products 

 

Chemical specie tR (min) λ (nm) 

HMF 46 284 

DFF 60 284 

HMFCA 30 251 

FFCA 32.5 284 

FDCA 22.5 264 

Table 3: Retention times and wavelengths used for each species analysed 
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Not all the post-reaction mixtures were injectable in the HPLC, in alkaline solution HMF tends 

to form insoluble humins with a brownish colour. A high concentration of humins in the 

solution could obstruct the chromatographic column. Every solution was judge visually before 

the injection to decide whether or not it could be injected. An example of degradation of HMF 

over time is reported in Figure 36. 

 

Figure 36: Degradation of HMF on time in presence of sodium hydroxide, from 0 min on the left vial to 10 min of 

reaction on the right vial 

 

 Data analysis of post-reaction mixtures 

Here have been reported the formula used to analyse the HPLC data of the post-reaction 

mixture:  

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑋𝐴) =
𝑛𝐴,𝐼𝑁 − 𝑛𝐴,𝑂𝑈𝑇

𝑛𝐴,𝑜𝑢𝑇
𝑥100 

 

𝑌𝑖𝑒𝑙𝑑 (𝑌𝐵) =
𝑛𝐵/𝑐𝑜𝑒𝑓𝑓

𝑛𝐴,𝐼𝑁/𝐶𝑜𝑒𝑓𝑓
𝑥100 

 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑆𝐵) =
𝑛𝐴,𝐼𝑁 − 𝑛𝐴,𝑂𝑈𝑇

𝑛𝐴,𝑜𝑢𝑇
𝑥100 

𝐶𝑎𝑟𝑏𝑜𝑛 𝐿𝑜𝑠𝑠 = 100 − ∑ 𝑆𝑛

𝑛

𝑖=1
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3 Results and discussion 

Cerium oxide is an interesting material for catalyst production for its availability, its excellent 

catalytic properties are given by its store oxygen capacity (OSC), which depends on the number 

of reticular defects present on the surface. Different morphologies expose different reticular 

planes, and different reticular planes can expose different amounts of defects. The preparation 

method of the cerium oxide can influence the surface area, morphology, and the number of 

defects in the sample. In particular, ceria nanostructures with high aspect-ratio seem to have 

high activity capabilities.3–7 

This research aims to synthesize, characterise, and test on the oxidation of HMF to FDCA a 

range of gold nanoparticles supported on electrospun ceria nanofibers catalysts, to investigate 

the link between the preparation method, the obtained morphology, and the activity of the 

catalysts. In order to assess the catalytic properties of gold on ceria systems, different gold-

based catalysts were prepared starting from different supports: commercial ceria powders, 

electro-spun ceria nanofibers with and without gold precursors and undergoing different 

thermal treatments (pyrolysis and calcination).  

In order to assess the catalytic properties of gold on ceria systems, different gold-based catalysts 

were prepared starting from different supports: commercial ceria in grain, ceria electro-spun 

nanofibers with and without gold precursors and followed by different heating treatment 

(pyrolysis and calcination). These systems have been used for comparison with the nanofibers 

sample in the different characterizations and the oxidation reaction of HMF to FDCA (Figure 

378). 

 

Figure 37: reaction path for the oxidation of HMF to FDCA 
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The synthesis has been followed by different characterizations on the materials: SEM, TEM, 

XRD, ATR, TGA, BET, DRUV-VIS and Raman analysis. The results are reported in the 

following chapters. 

The samples prepared and tested are listed in Table 4 with the results of the Brunauer – Emmett 

– Teller (BET) analysis.  The BET method was used to measure the surface area of the samples 

of supports and catalysts. All the preparations described in sections 2.1 and 3.3 are resumed in 

Figure 38 and Table 4. 

The commercial supports used are ceria Evonik Degussa Gmbh and Solvay Rhodia Actalys 

HSA5, these supports have respectively low and high surface area, as reported from BET 

analysis in Table 4, the preparations are resumed in Figure 38. The catalysts supported on the 

Evonik Degussa Gmbh ceria have been labelled "Au/CeO2 -C" while the catalyst supported on 

Ceria Solvay Rhodia Actalys HSA5 have been labelled "Au/CeO2 -HS" ("high surface"). 

The spun nanofibers have been subjected to different calcination process in order to obtain the 

desired oxidic phase before the DP process. The heat treatment in air to obtain the fibres was 

more gently, with a ramp of 0.2°C/min and a isotherm maintenance at 300°C or 550°C for three 

hours, this was meant to not compromise the nanofibers structure during the PVP combustion.1 

The sample of nanofibers supports obtained have been labelled CeO2-NF_300 or CeO2-NF_550 

depending on the temperature chosen for the isotherm maintenance. Gold-containing samples 

of catalysts obtained after DP have been called “Au/CeO2-NF _300” or “Au/CeO2-NF_550”. 

Two more catalyst samples have been obtained adding the HAuCl4 in the spinning solution. 

The sample labelled “Au/CeO2-NF_C” has been obtained calcinating in air the spun fibres at 

300°C, while the sample “Au/CeO2-NF_PC” has been prepared by subjecting the fibres first to 

a thermal treatment in N2 at 300°C and then to calcination in air at 300°C. All Au-containing 

samples have a content of metal of 1.5% (wt./wt.) over the support. 

As reported in Table 4, the different heat treatment on the nanofiber samples had a strong 

influence on the surface area, in particular, is possible to notice Ostwald ripening after 

calcinating the sample at 550°C, which caused a marked diminishing in the surface area value 

of the sample. Despite the strong influence on the calcination temperature on the nanofibers, no 

relevant changes in the surface area have been detect in both the commercial ceria caused by 

the calcination treatment at 300°C and 550°C, probably, during their industrial production, 

these commercial ceria have already been subjected to calcination. No relevant changes in the 

surface area have been detected before and after the DP process. 
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Support Sample 
Surface 

area [m2/g] 
Notes: 

Ceria Evonik 

Degussa 

GmbH 

CeO2 -C 45 Commercial ceria support, low surface 

CeO2 -C_300 44 Commercial ceria support, low surface, 

calcined at 300°C 

CeO2 -C_550 50 Commercial ceria support, low surface, 

calcined at 550°C 

Au/CeO2-C 46 Au supported on low surface commercial 

ceria, synthesised via DP, calcined at 300C° 

Ceria Solvay 

Rhodia Actalys 

HSA5 

CeO2 -HS 150 Commercial ceria support, high surface 

CeO2 -HS_300 140 Commercial ceria support, high surface  

calcined at 300°C 

CeO2 -HS_550 160 Commercial ceria support, high surface, 

calcined at 550°C 

Au/CeO2 -HS 140 Au supported on high surface commercial 

ceria, synthesised via DP, calcined at 300C° 

Electrospun 

nanofibers 

CeO2 -NF_300 83 Ceria nanofiber support, calcined at 300°C 

CeO2 -NF_550 21 Ceria nanofiber support, calcined at 550°C 

Au/CeO2-NF 

_300 

77 Au supported on nanofiber support calcined 

at 300°C, synthesised via DP 

Au/CeO2-NF 

_550 

29 Au supported on nanofiber support calcined 

at 550°C, synthesised via DP 

Electrospun 

nanofibers 

(spun with 

chloroauric 

acid) 

Au/CeO2-NF _C 76 Prepared by electrospinning using a 

solution containing HAuCl4 and calcinating 

the fibres at 300°C in air 

Au/CeO2-NF _P N/A Prepared by electrospinning using a 

solution containing HAuCl4 followed by 

thermal treatment at 300°C in N2 

Au/CeO2NF_PC 96 Prepared by electrospinning using a 

solution containing HAuCl4 followed by 

thermal treatment at 300°C in N2 and 

calcination in air at 300°C 

Table 4: Surface area and data of catalysts and supports tested 
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Figure 38: Resume of the preparations of the catalysts 
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3.1 Study of catalyst based on commercial ceria (“CeO2-C”) 

 XRD analysis of CeO2-C samples 

The XRD analysis on CeO2 support samples calcined at 300°C and 550°C and on Au/CeO2-C 

sample (Figure 39) show the characteristic peaks of the fluorite-type structure of crystalline 

ceria, in particular, the peaks at 29, 33, 47.5, 57 and 59 2θ are given respectively by the 

crystalline orientation planes: (111), (200), (220), (311) and (222). The least intense peaks at 

59, 70 and 76 2θ are given respectively by the crystalline planes (400), (331) and (420), which 

are less exposed by the samples,9–12 peaks of other possible impurities have not been detected. 

The correspondent peaks of the different samples have comparable relative intensities, it can 

therefore be deduced that the calcination at 300°C or 550°C and the DP procedure on the 

commercial supports do not significantly affect the crystalline structure of the samples. 

 

Figure 39: XRD pattern comparison of commercial CeO2- C based samples 

 

The average size of the crystallites has been calculated through the Scherrer equation for all 

the different planes (Figure 40) and is average value is 19nm, there is no preferential growing 

in the reticular planes exposed, both this evidence and the absence of relevant changing in the 

surface area with the calcination, suggest that the commercial CeO2-C ceria have already 

been calcined during its industrial production.  
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Figure 40: dimensions of crystallites for CeO2-C based samples 

 

Comparing the relative intensities of the XRD peaks of a sample with the relative intensities 

of a tabulated reference (code: 00-043-1002) could highlight crystal faces that are 

preferentially exposed. No remarkable differences have been noted in the difference between 

the relative intensities of the CeO2-C peaks and the tabulated ones (Figure 41), the main 

differences are in the peaks (220) and (311), which are slightly under-exposed. The smallest 

different have been recorded in the sample CeO2_550, the one calcined at the highest 

temperature, which shows a difference in this peak of only 2%. 
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Figure 41: Differences between tabulated relative intensities of ceria XRD peaks and peaks for CeO2-C based 

samples (tabulated intensities reference code: 00-043-1002) 

 

A further XRD analysis was carried out in the range 36 - 41 2θ on the catalyst sample Au/CeO2-

C, indeed the diffraction peak of the plane (111) of the gold nanoparticles can be detected in 

this range13 (Figure 42). The estimated average diameter of the Au nanoparticles has been 

calculated through the Scherrer equation and is equal to 6nm.  

 

 

Figure 42: XRD between 36 and 41 2θ of sample Au/CeO2-C 
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 Raman analysis of CeO2-C samples 

Raman spectra of ceria and catalyst samples were performed with a green laser at 514nm. 

Several peaks are visible in the Raman spectra of the ceria at 258 cm-1, 462 cm-1, 595 cm-1 and 

1180 cm-1. The most intense peak is at 462 cm-1 and is characteristic of cerium oxide, it is due 

to symmetrical stretching F2g of O-Ce-O bonds in the fluorite-like structure of ceria, the peaks 

at 258 cm-1 and 1180 cm-1 are peaks given by second-order harmonics, due to a transverse 

acoustic vibrational mode called 2TA and a longitudinal optical vibrational mode called 2LO 

respectively, these three peaks are characteristic of the cerium oxide. The signal at 595 cm-1 is 

the defect-induced band (often called “D-band”), this band is particularly interesting because it 

depends on defects in the crystalline structure (characteristic peaks of the commercial low 

surface sample highlighted in Figure 43)13–17.  

A Raman analysis in UV could provide quantitative information on the defectiveness of the 

sample before and after calcination, since the ratio between the intensity of the D-band and that 

of the peak at 462 cm-1 would result in a value proportional to the concentration of defects in 

the sample, due to multiphonon excitation effects14,16,17. 

 

Figure 43: Raman spectrum of commercial ceria Evonik Degussa Gmbh “Ceo2-C”, characteristic peaks of ceria 

highlighted 

 

The support CeO2-C as bought, calcined at 300°C, 550°C and subjected to DP to synthesize the 

Au/CeO2-C sample, clearly shows at the Raman the main peak of the oxide cerium and very 

weakly the two secondary peaks 2TA and 2LO (Figure 44). The main difference between the 
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spectra is the slight shift to low cm-1 to the main peak in the sample Au/CeO2-C, this shift is 

due to the presence of gold14, the D-band is visible only in the sample Au/CeO2-C, and it is 

probably due only to the strong fluorescence of the sample which is clearly visible also in the 

rest of the spectrum and It was not possible to correct it completely.  

 

 

 

A 

B 
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Figure 44: Raman spectra six Ceo2-C samples: complete spectra from 200 to 1600 cm-1 (A), zoom between 350 

and 650 cm-1 (B) and on the D-band region (C) 

 

 DRUV-Vis analysis of CeO2-C samples 

Cerium oxide without any dopant agent exhibits three different absorption bands at 235, 277 

and 325nm, these absorptions correspond to Ce3+ ← O2− charge transfer, electron transition 

Ce4+ ← O2− from the valence band to the conduction band, from orbital 2p of oxygen to 4f of 

cerium, and an interband transitions.6,18,19 

The bands at 235 and 277nm are particularly interesting because they can be associated with 

the intrinsic defectiveness of ceria support, the first band is proportional to the presence of Ce3+ 

ions, the second one to Ce4+ ions. Since they are related, the highest is the absorption related to 

Ce3+ ions, the lower is the one due to Ce4+ ions in the support. The DRUV-Vis analysis of 

commercial samples are reported in Figure 45 and Figure 46, however, is not possible to notice 

relevant differences in the defectiveness of the commercial CeO2-C samples in the bands at 235 

and 277nm (Figure 46).   

From the DRUV-Vis analysis, it is possible to observe the surface plasmonic resonance band 

characteristic of gold nanoparticles too. The band centred around 560nm and can provide, for 

comparison, information on both the size and dimensional polydispersity of gold 

nanoparticles.6,18,20,21 This band will be used in the further chapters for the comparisons with 

the other samples. 

C 
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Figure 45: DRUV-Vis on CeO2-C samples 

 

 

Figure 46: DRUV-Vis on CeO2-C samples, between 210 and 300nm 
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 Catalytic tests on CeO2-C samples 

The results for the catalytic test at 70°C for commercial low surface sample are reported over 

time in the following Table 5 and Figure 47 and compared to the reaction blanks in the same 

condition. The two reaction blanks were performed in the same conditions, 4 hours of reaction 

time and using the same reagents, one without any solid phase and the second one with the 

calcined support without gold particles. Both the blanks show comparable results, with an 

almost completely decomposition of HMF and a very small formation of oxidation products. 

The colours of the two post-reaction solution was a cloudy dark brown, this and the high carbon 

loss are due to humins and heavy products formed by parasitic reactions on HMF.22 The 

presence of Au in the catalyst changed the reaction performance completely, leading to 

complete conversion of HMF and a high formation of HMFCA and FDCA. The yield of FDCA 

was growing with reaction time from 20% yield after one hour of reaction to 67% after 4 hours. 

The carbon loss was almost negligible and equal to 10% only after 1 hour. No carbon loss was 

recorded at a higher reaction time. 

These results, in accordance with the literature23, show the pattern of the consecutive reaction 

of the oxidation of HMF to FDCA: almost no HMF is detected in the post-reaction solution 

with catalyst. The HMFCA is detected instead because the oxidation of its alcohol group is the 

rate-determining step of the process23. Almost all the FFCA produced after this step is converted 

into FDCA, the final product of the reaction chain. No DFF has been detected because its 

formation is disfavoured in alkaline solutions.10,23 

time (h) Χ HMF (%) Υ HMFCA (%) Y FFCA (%) Y FDCA (%) 
Carbon Loss 

(%) 
Notes: 

4 94 28 6 4 57 

Blank reaction, in 

absence of any support 

or catalyst 

4 91 19 3 2 67 

Blank reaction, in 

presence of  CeO2-C 

calcined at 300°C 

(CeO2-C_300) 

1 100 68 2 20 10  

2 100 59 0 41 0  

4 100 32 1 67 0  

Table 5: Catalytic test results over time of the Au/CeO2-C catalyst, conditions: HMF: NaOH 1:4, 70 °C 
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Figure 47: Conversion and products yields over time for the Au/CeO2-C catalyst, T= 70 °C 

 

In Table 6 and Figure 48 are reported the results for the reaction with the same catalyst at 80°C 

against reaction time. These results show the same pattern previously obtained for the reactions 

performed at 70°C, but with a greater yield in FCDCA, the final product of the oxidation, so 

the temperature has a positive influence on the reaction rate in the desired products. The carbon 

loss seems to not be influenced by the temperature change.   

time (h) Χ HMF (%) Υ HMFCA (%) Y FFCA (%) Y FDCA (%) Carbon Loss (%) 

1 100 70 2 18 10 

2 100 35 0 65 0 

4 100 3 0 96 1 

Table 6: Catalytic test results over time of the Au/CeO2-C catalyst, conditions: HMF: NaOH 1:4, 80 °C 
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Figure 48: Conversion and products over time for the Au/CeO2-C catalyst, T= 80 °C 
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3.2 Study of catalyst based on commercial ceria (“CeO2-HS”) 

 XRD analysis of CeO2-HS samples 

The characteristic peaks of ceria have been recorded in the samples supported on high surface 

ceria via XRD analysis (Figure 49). The peaks of the high surface support are shown to be 

particularly widened compared to those of the commercial support, the widening is particularly 

noticeable in the adjacent peaks at 56.2 and 59.1 and at 76.7 and 79.1 2θ, which are partially 

overlapped. 

The widening is due to the smaller size of the crystallites, which have been calculated through 

the Scherrer equation and have an average size of 5 nanometres versus the 18nm average size 

of the samples CeO2-C; the smaller dimension of the crystallites is the cause of the high surface 

area of the samples CeO2-HS. 

 

Figure 49: XRD pattern comparison of CeO2 samples based on high area commercial  

 

The Scherrer equation has been used to calculate the dimension of the crystallites for each XRD 

peak to highlight possible preferential growing on the crystal planes (Scherrer results in Figure 

50).  No preferential growing has been detected, is possible to notice that the crystallites of the 

samples CeO2-HS_550 are slightly bigger, this is due to Ostwald ripening caused by the higher 
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calcination temperature of the sample. The lack of the results at 79.2 2θ for the samples CeO2-

HS_300 and Au/ CeO2-HS are only artefacts due to the peak overlapping.  

 

Figure 50: Dimensions of crystallites for CeO2-HS samples 

 

No relevant differences have been detected between the recorded and tabulated relative 

intensities in the XRD spectra (reference code: 00-043-1002, comparisons in Figure 51). 

All the peaks show slightly higher relative intensities than the tabulated one, is then possible to 

assume that the reference peak (111) could be slightly less exposed. The main difference can 

be noted between samples CeO2_300 and Au/CeO2_300, where the peaks (220) and (311) show 

a reduction of 7% and 3% respectively after the DP process. No preferential increases in the 

crystalline planes exposures have been noticed. The lack of the signal at 79.2 2θ for the samples 

CeO2-HS_300 and Au/CeO2-HS are only artefacts due to the peak overlapping.  
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Figure 51: Differences between intensities tabulated and measured for samples CeO2-HS (tabulated intensities 

reference code: 00-043-1002) 

 

The XRD analysis carried out on the catalyst sample Au/CeO2-HS between 36 and 41 is shown 

in Figure 52. It is not possible to distinguish the peak of gold around 38 2θ13, the peak might 

not be visible if the gold nanoparticles are well distributed and smaller than 5nm17. 

 

Figure 52: XRD analysis between 36 and 41 2θ of sample Au/ CeO2-HS 
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 Raman analysis of CeO2-HS samples 

The spectra of high-surface samples clearly show the characteristic peaks of ceria (Figure 53), 

this is due to the high surface area of the samples that allows the exposure of more defects and 

more bonds for the Raman analysis.24 The surface area of about 140-160 m2/g was confirmed 

in the previous paragraphs by the BET analysis, and it is higher than the surface area of the 

CeO2-C samples, which did not show clearly at Raman the 2TA and the D-band peaks at around 

250 and 600cm-1 respectively (chapter 3.1.2) .  

Peaks due to impurities have been recorded at 825 and 1040 cm-1. The peak at 825 disappeared 

after washing the sample with pure water, so it is probably due only to traces of soluble species, 

as chlorides, left on the samples. The peak at  1040 cm-1 is caused to traces of carbonates 

chemisorbed onto the ceria surface.14,25,26 

 

Figure 53: Raman spectra of CeO2-HS samples from 200 to 1600 cm-1 

 

Comparing the spectra of the CeO2-HS samples with the spectrum of the sample CeO2-C 

(Figure 54), the untouched low-surface commercial ceria, used as reference is possible to notice 

a marked peak broadening of the main peaks in the CeO2-HS samples.  This phenomenon is 

due to the smaller dimension of the crystallites in the CeO2-HS samples, and it is in accordance 

with the dimensions reported in chapters 3.1.1 and 3.2.1. 
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Figure 54: Raman spectra of Ceo2-HS samples compared with the sample CeO2 -C 

 

The D-band shows an increase from the sample of untouched support (CeO2-HS) to the sample 

calcined at  300°C (CeO2-HS_300)  and a decreasing in the sample calcined at 550°C (CeO2-

HS_550), (Figure 55), this trend is in line with the trend of the defectivity and surface area 

caused by the calcination temperature recorded in litterature6. The sample Au/CeO2-HS that is 

calcined at 300°C shows a lower D-band than the support calcined without gold nanoparticles 

at the same temperature (CeO2-HS_300), this effect is caused by the gold nanoparticles 

deposited on the ceria which cover its defectiveness.15,27,28  

 

Figure 55: D-band patterns in high surface samples 
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 DRUV-Vis analysis of CeO2-HS samples 

The DRUV-Vis spectra of the samples CeO2-HS have been reported in Figure 56, in the 

Au/CeO2-HS sample is visible the surface plasmonic resonance band with is maximum at 

575nm, the presence of this bands confirms the hypothesis that gold nanoparticles were 

correctly deposited on the support but were too small to be detected via XRD in the Au region 

(chapter 3.2).17 Usually, smaller nanoparticles lead to a blue shift of the peak, and therefore a 

shift to smaller wavelengths, but, comparing the plasmonic resonance bands of the samples 

Au/CeO2-HS and Au/CeO2-C (blue line), one can observe the opposite trend. The cause 

probably lies in the different metal-support interaction due to the different morphologies and 

dimensions of the two supports.  20 

 

Figure 56: DRUV-Vis on CeO2-HS samples 

 

From the DRUV-vis analysis on commercial samples with high surface area (Figure 57) and as 

explained in chapter 3.1.4, is not possible to notice the different amount in the content of Ce3+ 

and Ce4+ in the region 200-300nm in the different samples.  
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Figure 57: DRUV-Vis on CeO2-HS samples, between 200 and 390nm 
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 Catalytic tests on CeO2-HS samples 

The results for the catalytic test for the catalyst supported on commercial ceria with high surface 

samples are reported over time at different temperature in the following Table 7, 8, and Figure 

58, and compared to the reaction blanks in the same conditions. 

The presence of the catalyst leads to complete conversion of HMF, as for the catalyst supported 

on the cerium oxide with low area (chapter 3.1.4) but the reaction seems to proceed less rapidly 

over HMF, leading to lower yield in FFCA and FDCA. The catalyst seems to be less selective 

than commercial sample with low surface area, leading to higher carbon losses over time. 

 The catalyst’s performance for the same reaction performed at 80°C (8) resemble the same 

pattern recorded at 70°C, but higher yield and better selectivity after 4 hours of reaction. 

Considering that high carbon losses have been visually detected by observing the colour of the 

post-reaction mixture (as explained in chapter 2.2.13) after 1 and 2 hours of reaction time at 

80°C, the injection in the HPLC column has not been executed.  

time (h) Χ HMF (%) Υ HMFCA (%) Y FFCA (%) Y FDCA (%) 
Carbon 

Loss (%) 
Note: 

4 94 28 6 4 57 

Blank reaction, in 

absence of any support or 

catalyst 

4 94 24 2 2 65 

Blank reaction, in 

presence of  CeO2-HS 

calcined at 300°C (CeO2-

HS_300) 

1 100 79 8 5 8  

2 100 75 6 13 6  

4 100 64 2 16 18  

Table 7: Catalytic test results over time of the Au/CeO2-HS catalyst, conditions: HMF: NaOH 1:4, 70 °C 
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Figure 58: Conversion and products yields over time for the Au/CeO2-HS catalyst, T= 70 °C 

 

time (h) Χ HMF (%) Υ HMFCA (%) Y FFCA (%) Y FDCA (%) Carbon Loss (%) 

1 Not injectable due to heavy products 

2 Not injectable due to heavy products 

4 100 55 3 33 9 

Table 8: Catalytic test results over time of the Au/ CeO2-HS catalyst, T= 80 °C 
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3.3 Catalysts prepared by electrospinning 

The synthesis of CeO2 nanofibers have been performed by electrospinning and subsequent heat 

treatments. PVP was used as a guiding polymer and viscosity controller for the formation of a 

uniform fibrous structure because it has remarkable characteristics such as high molecular 

weight and high solubility in polar solvents. 

First of all, a study has been performed to optimise the spinning conditions in our spinning 

setup.   

There are plenty of different spinning conditions and composition of spinning solutions tested 

in literature1,4,17,29, depending on the different setup available and final structure desired 

(nanotubes, nanobelts nanofibers, etc.). The initial spinning condition and the solution 

composition used for our study has been chosen from a paper by Gibbons et al.1  in order to 

produce regular ceria nanofibers. 

The composition of the spinning solution used is: 6.0g H2O, 6.6g ethanol, 2.2g Ce(NO3)·6H2O 

and 1,4g PVP the correct amount of chloroauric acid was added if needed in order to obtain a 

metal/support ratio of 1.5%wt. Some tests have been performed to carry out correctly 

electrospinning and to maximise the productivity of the process. The tests involved changes in 

the composition of the solution and the electrospinning parameters (voltage, flow, distance tip-

collector). Chosen electrospinning conditions are reported in Table 9. 

 In literature1 Selected conditions 

Voltage (kV) 22  11-13 

Distance (cm) 22 15 

Flow (mL/h) 1.0  1.1-2.2  

Table 9: List of spinning conditions found in literature and the ones used 

The difference between the optimal conditions in the literature and those selected by us is 

probably due to the different instrumentation we are equipped with Figure 59), as we have 

neither a rotary drum nor a second generator available to apply an opposite potential to the 

collector surface.  
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Figure 59: The set up for electrospinning used, from left to right: generator, pump with the syringe and the 

collector (not covered by a sheet to collect the nanofibers) 

The voltage and the flow used varies slightly according to the environmental conditions of the 

day, in particular: temperature and relative humidity, to try to maximise the productivity while 

keeping the flow stable, avoiding drops "thrown" in the direction of the collector surface that 

could compromise the deposited material. The environmental parameters are not controllable 

in this type of set up, and they could be decisive for a correct spinning, e.g., at a temperature 

lower than 17°C let the solution too viscous to be spun and, a temperature lower than 20°C let 

the maximum exploiting flow of 1.4 mL/h only. 

The optimised conditions have been tested for 30 minutes each when the spinning was 

considered stable, then, the products have been analysed by SEM microscopy to evaluate if 

they were producing nanofibers and or undesired products such as: beads, irregular nanofibers 

or film. High values of flow or voltage led to film (Figure 60-A) or irregular nanofibers (Figure 

60-B).  
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A B 

Figure 60: deposit of film and broken nanofibers due to a flow higher than 2,2ml/h (A) and irregular nanofibers due to a 

voltage higher than 15kV (B) on our set up 
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 Synthesis and characterization of CeO2 nanofibers via electrospinning 

In this part of the study, we prepared CeO2 nanofibrous mats with a uniform three-dimensional 

structure via the optimized electrospinning technique. The collected nanofibers were then 

calcined at different temperatures in air atmosphere to eliminate the polymer substance (PVP) 

and obtain pure CeO2 nanofibers. Then, gold nanoparticles were loaded by deposition 

precipitation on the surface of the prepared cerium oxide (Figure 61). 

 

 

 

Figure 61: Scheme of the synthesis of the ceria nanofibers via DP 

 

The prepared samples are summarized in Table 10.  

Sample Surface Area 

(m2/g) 

Description 

NF “as-spun” - Nanofiber of PVP and cerium nitrate as-

electrospun 

CeO2 -NF_300 83 Ceria nanofiber calcined at 300°C 

CeO2 -NF_550 21 Ceria nanofiber calcined at 550°C 

Au/CeO2-NF _300 77 Au supported on CeO2 nanofiber calcined at 

300°C 

Au/CeO2-NF_550 29 Au supported on CeO2 nanofiber calcined at 

550°C 

Table 10: samples of ceria nanofibers produced and surface area values calculated using the BET method 

The morphology and microstructure of the as-electrospun CeO2 fibres before calcining is shown 

in Figure 62. 

The produced nanofibers electrospun in the optimised conditions have a diameter of 435 ± 90 

nm, the samples as at naked eye the appearance of a thin white film. Using a pair of clean 

Calcination in 

air at 300°C 

and 550°C 

 

+Au by DP 

calcination 

at 300°C 

CeO2 -NF_300 

CeO2 -NF_550 

Au/CeO2 -NF_300 

Au/CeO2 -NF_550 

NF         

“as spun” 
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scissors, the samples have been cut into squares of few centimetres and inserted in a small 

crucible to be calcined. 

  

To optimize the PVP elimination, a TGA-DTG analysis has been performed on the spun fibres 

to evaluate the behaviour of the sample during the heating and to evaluate the correct heat 

treatment to not damage the samples1. 

The temperature ramp used in the TGA was: 2°C/min from room temperature to 200°C, 

0.2°C/min until 600°C, 2°C/min to 800°C and 1 hour of isotherm maintenance; this ramp was 

meant to evaluate the calcination ramp used for the nanofibers and to better understand their 

behaviour during the process. 

In the TGA analysis is easily recognizable the exothermic combustion of the PVP contained in 

the fibres at about 245°C (reported in Figure 63 and the respective DTG in Figure 64) the 

associated weight loss of the sample is from 90% to 30% of the original weight. 

The first weight loss recorded in the sample is due to desorption of water, it is around 10% of 

the weight of the sample and the wright change ends at 100°C.  

The other three “steps” visible on the DTA curve (Brown line, Figure 63)  at 220, 320, and 

700°C are only artefacts caused by the thermal inertia of the instrument.   

A B 

Figure 62: CeO2 nanofibers as electrospun obtained using the optimised condition on our set-up (A), higher magnification (B) 
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Figure 63: Thermogram of the TGA analysis of the sample CeO2-NF as spun 

 

 

 

Considering that the heat developed during the TGA because the PVP combustion was not too 

high to damage the sample, the calcination was then carried out using a ramp of 0.2°C/min up 

to the desired temperature (300°C or 550°C), the temperature was then maintained for 3 hours.1 

After calcination, the diameter of the fibres is equal to 400 ±100 nm and the surface area of the 

samples is 83m2/g for the sample calcined at 300°C and 21m2/g for the one calcined at 550°C 

(Figure 65 and Figure 66).  

Figure 64: TGA-DTG analysis of as-spun nanofibers detail on the peak of PVP combustion. On Y axis: in green the weight 

loss percentage, in blue the derivative of the weight loss, temperature on X axis 
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A B

 

B 

A B 

Figure 65: SEM images on CeO2 nanofibre calcinated at 300°C (sample CeO2-NF_300) (A), higher magnification (B) 

Figure 66: Comparison of SEM images for samples calcined at 300°C (CeO2-NF_300) (A) and 550°C (CeO2-NF_550) (B). 
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To verify if the thermal treatment at 300°C was sufficient to eliminate completely the PVP from 

fibre, a TGA analysis has been performed on the samples CeO2-NF_300 (nanofibers calcined 

at 300°C) in order to evaluate possible leftovers of PVP on the fibres after calcination (Figure 

67). In this case, the temperature ramp used was from room temperature to 700°C with a 

10°C/min heating ramp and followed by 10 minutes of isotherm.  

The analysis of the CeO2-NF_300 sample (Figure 67) shows a continuous loss of weight during 

the process and is particularly intense in the first part. The curve of the temperature difference 

shows first an exothermic process followed by an endothermic one. Looking at the results, the 

total loss on the sample of 4% of the original weight is probably due to combustion processes 

of lighter PVP leftovers at lower temperatures, and to desorption of product at higher 

temperature. 

 This second weight loss is continuous too, and it is less marked than the one reported 

previously, probably because of the presence of different lighter oxidation product on the 

sample due to the previous calcination treatment at 300°C. The mass lost during the analysis is 

4% of the initial mass of the sample, 2% is lost before 100°C and the remaining 2% after 

100°C. These data seem to indicate the elimination of almost all the PVP after calcination in 

air at 300°C, with only traces of organic left.    

 

 

Figure 67: TGA analysis on sample CeO2-NF_300 (ceria nanofibers after calcination at 300°C) 
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3.3.1.1 ATR analysis of CeO2-NF samples 

Nanofibers were analysed via ATR before and after calcination (Figure 68 and Figure 69), to 

facilitate the comparison between the various heat treatments, the ATR spectrum of PVP and 

cerium nitrates used during spinning have been reported too. The PVP has characteristic peaks 

at 2930, 1670, 1420, 1280 cm-1 (yellow spectrum and yellow lines), such peaks are attributed 

to the vibrational stretching of the bonds C-H, C=O, -CH2 and C-N. The peaks of the fingerprint 

region of the PVP are located between 1280 cm-1 and 600 cm-1. The peak at 3450 cm-1 is due 

to surface hydroxyl groups, this peak is still recognizable shifted at 3300 cm-1 after the 

calcination process, because of the hydroxyl groups present on the ceria surface.25,29,30    

On the nanofibers as electrospun (“NF as spun”, blue curve) it is still possible to observe the 

peaks of PVP, among the three main peaks of the cerium nitrate, between 1200 and 1700 cm-1, 

the first two have a slight red shift, while the third a blue shift, there are also the peaks of cerium 

nitrate located between 740, 810 and 1040cm-1 (shaded blue lines, Figure 69). 

The characteristic peaks of the PVP in the calcined samples (the two grey tracks) are hardly 

visible in nanofibers calcined at 300°C (highlighted with a triangle in the following figures), 

and not present in the one calcined at 550°C, while the absorptions of the cerium oxide are 

visible at 3300 cm-1 due to HO groups on its surface, and below 600 cm-1, as strong absorption 

caused by Ce-O stretching (grey lines, Figure 70). The peaks attributed to C=O, at 760 and 

1340 cm-1, are still slightly visible in the calcined sample, but it is only due to carbon dioxide 

from air26,29,31. The peaks at 760 and 1510 cm-1 are due to carbonates chemisorbed on ceria 

surface26,31. 
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Figure 68: ATR spectra between 500 and 4000cm-1 of nanofibers samples and precursors used 
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Figure 69: ATR spectra of nanofibers samples and precursors used, magnification between 500 and 1900cm-1 

The ATR spectra of the supports in nanofibers calcined at different temperature and of the 

different catalyst have been reported in Figure 70, once again a small amount of PVP leftovers 

have been barely detected at 2930cm-1 (yellow triangle) the catalyst samples calcined at 300°C: 

Au/CeO2-NF_300. 
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Figure 70: ATR spectra between 500 and 4000cm-1 of catalyst in nanofibers 

 

 

 

 

 

 

 

 

 

 



95 

 

3.3.1.2 TEM of ceria nanofibers 

TEM analysis on Ceria Nanofibers after calcination at different temperature are reported in 

Figure 72 and Figure 74. The analysis confirms the formation of nanofibers with a length from 

one to tens of microns, and a diameter from 100 to 500 nm (Figure 71), as reported previously 

by SEM analysis too. The nanofibers show a better crystalline structure with the increase of 

calcination temperature (Figure 72). The HRTEM images (Figure 71– D) revealed fibers made 

of nanocrystals which dimensions range from 5 to 10 nm after calcination at 300°C, or from 5 

to 20nm after calcination at 550°C. This fact is in accordance with the dimensions calculated 

using the Scherrer equation from the XRD analysis. 

 

  

Figure 71: TEM images of CeO2 nanofiber calcined at 300°C, higher magnification from A to D 

 

C

 

D

 

B

 

A 
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Figure 72: Comparison between TEM images of CeO2 nanofibers calcined at 300°C (A) and at 550°C (B) 

 

The rings of the SAED pattern (Figure 73) sampled on the crystals can be index as cerianite, 

this confirms that the fibers are made of CeO2 nanocrystals. 

 

Figure 73: SAED pattern of calcined nanofiber sample 

 

No significant changes in the length or the diameter of nanofibers have been reported by TEM 

observation before and after the DP process of Au nanoparticles (Figure 74). The dimensions 

of Au nanoparticles range from 5 to 20 nm, the gold nanoparticles have been observed in 

annular dark-field imaging (HAADF, Figure 74 A) however, locating the smallest nanoparticle 

A B 
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was not an easy task. The HAADF technique allows to produce contrast in the image in function 

of the atomic number squarer, but cerium and gold are not that dissimilar to be easy recognized 

when they are in little particles. As a result of this, most of the smallest Au nanoparticles were 

mistaken by small ceria crystallites protruding from the main fibre. To not overestimate the Au-

NP size distribution we used only the results from the Scherrer equation on XRD spectra (results 

reported in paragraph 3.3.1.4).  

 

 

Figure 74: Au nanoparticles on the sample Au/CeO2-NF_550 (A) and a closer view of a nanoparticle with the 

characteristic Au lattice fringes highlighted by the asterisk(B) 
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3.3.1.3 Evaluation of PVP leftovers on the catalyst sample Au/CeO2-NF_300 

The analysis on catalyst Au/CeO2-NF_300 sample (Figure 75), resemble the same pattern of 

the previous analysis on CeO2-NF_300, with a weight loss of 4% in total, 2% before 100°C, due 

to water absorbed and another 2% during the rest of the heating. Given the facts, we can 

confirm that the second heat treatment at 300°C after the DP process is not sufficient to 

remove all PVP leftovers. 

 

Figure 75: TGA analysis of sample Au/CeO2-NF_300 
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3.3.1.4 XRD analysis of CeO2-NF samples 

The XRD analysis on the nanofibers support and catalyst prepared via DP (Figure 76, the 

spectrum of the sample Au/CeO2–C, blue line, have been added for the comparison) shows the 

characteristic peaks of the fluorite-type structure of crystalline ceria, as listed above in 

paragraphs 3.1.1, and indicate the success of the electrospinning and calcination process, no 

other crystal phases have been recorded. The relative intensities and positions of the various 

peaks remained unchanged before and after the DP process, a sign that the synthesis of the 

catalyst did not change the crystalline structure of the supports. 

 

Is possible to notice that the samples CeO2-NF_300 and Au/CeO2-NF_300 have broader peaks 

than the others, the broadening is due to the smaller size of the crystallites, which have been 

calculated through Scherrer and equal on average of 7and 8nm respectively, smaller than the 

crystallites of the fibres calcined at 550°C (dimension of the crystallites are reported in Table 

11, Figure 77). 

 

Figure 76: XRD patterns of the samples of nanofibers 
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The dimension of the crystallites in each crystal plane has been calculated through Scherrer’s 

equations to highlight possible preferential grooving on the crystalline plane, the results have 

been reported in Figure 77. No preferential growing has been detected for the nanofibers 

samples;  is possible to notice the Ostwald ripening due to the calcination process at the higher 

temperature, which caused the formation of bigger crystallites on the samples which support 

was calcined at 550°C (CeO2-NF_550 and Au/CeO2-NF_550, Figure 77) than the samples with 

the support calcined at 300°C (CeO2-NF_300 and Au/CeO2-NF_300). 

 

Sample 
Average dimension of the 

ceria crystallites (nm) 

Au/CeO2-NF _550 12 

CeO2-NF _550 12 

Au/CeO2-NF_300 8 

CeO2-NF_300 7 

Au/CeO2-C 18 

Table 11: Average dimensions of the ceria crystallites from Scherrer 

 

 

Figure 77: Dimension of crystallites of the different crystal planes in the samples CeO2-NF spun without 

chloroauric acid 
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The relative peak intensities of the nanofibers samples have been compared to a reference 

tabulated ceria structure (reference code: 00-043-1002) and the results are reported in Figure 

78. No relevant differences have been detected in the exposure of the reticular planes except 

for planes (220) and (311) of the samples CeO2-NF_300 which seems to be less exposed for 

around 8%.  

 

Figure 78: Differences between the intensities tabulated and measured for samples CeO2-NF spun without 

chloroauric acid (tabulated intensities reference code: 00-043-1002) 

 

The detailed XRD analysis between 36 and 41 2θ (Figure 79) shows clearly the diffraction peak 

of the crystalline plane (111) of gold nanoparticles on the catalyst samples in nanofibers 

prepared via DP.13 The Scherrer equation was used again to calculate the dimensions of 

crystallites that have been reported in the following  Table 12 and compared with the results of 

the crystallites sizes on the commercial samples from chapters 3.1.1 and 3.2.1.  

Catalyst 
Average dimension of the 

gold crystallites (nm) 

Au/CeO2-NF _550 8 

Au/CeO2-NF_300 7 

Au/CeO2-C 6 

Au/ CeO2-HS <5 

Table 12: Average dimensions of the gold crystallites from Scherrer 
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Figure 79: XRD analysis of the catalyst samples in nanofibers 36 and 41 2θ 

 

3.3.1.5 Raman analysis of CeO2-NF samples 

In Raman spectra of nanofibers samples of supports and catalysts prepared via DP (Figure 80), 

it is possible to identify the characteristic peaks of cerium oxide, a sign that the calcination step 

has given the desired crystalline phase. The main peaks of cerium oxide after DP (the two purple 

spectra) are visibly enlarged and shifted to smaller cm-1, this is a sign of the presence of Au 

nanoparticle on the support14. ( Figure 80-A and Figure 81).  

Is possible to notice a decreasing in the D-band with the increasing of the calcination 

temperature (Figure 80-B) on the two nanofibers support (grey spectra), this is due both to the 

diminishing of the defects in the ceria structure and the sintering of the supports, that leads to a 

lower surface area.6,24 The D-band on the catalyst with Au nanoparticles seems to have a 

counter-intuitive changing regarding the Au deposition on the defects previously cited (chapter 

3.2.2), this is probably due to the high fluorescence on the samples, in particular for the 

fluorescence of sample Au/CeO2-NF_550 (dark purple spectrum) that was difficult to correct. 

36 37 38 39 40 41

a.
u

.

2θ

Au/CeO2-NF_300 Au/CeO2-NF_550
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On the samples Au/CeO2-NF_300 is present the signal at 835cm-1 due to traces of soluble 

impurities, probably chlorides, previously mentioned (chapter 3.2.2). The secondary 2TO band 

to 1180cm-1 is shifted to minor Raman shift, this could be due to the presence of traces of 

carbonates chemisorbed on the ceria surface or small leftovers of nitrates, which peak around 

1060cm-1. 14,25,26,32 

 

 

Figure 80: Raman spectra of nanofibers samples between 200 and 1600 cm-1 (A) and magnification on the D-band 

and the main peak region (B) 

 

A

 

B
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Figure 81: Raman spectra of nanofibers samples between 400 and 600 cm-1 

 

3.3.1.6 DRUV-Vis analysis of CeO2-NF samples 

The spectra of the DRUV-vis analysis on nanofibers samples are reported in Figure 82. 

The catalyst prepared via DP (the two purple curves) show the band of the plasmonic resonance 

of gold nanoparticles around 570nm (maximums highlighted in Figure 83, for comparison the 

position of the maximum of the sample Au/CeO2-300 has been added too). The maximum of 

the plasmonic band depends on the dimension of the nanoparticles, while the broadness and the 

intensity of the peak depends on their polydispersion, in particular: a redshifted peak is due to 

bigger nanoparticles and a broadening of the peak is caused by a higher polydispersion.  

The samples Au/CeO2-NF_300 and Au/CeO2-NF_550 present the maximum of their plasmonic 

bands at 565 and 580nm respectively. The two bands are more redshifted than the band of the 

catalyst Au/CeO2-NF_300 supported on commercial ceria. These data are in accordance with 

the dimension of the nanoparticles calculated from XRD using the Scherrer equation because 

the smaller nanoparticles detected at the XRD are associated with a higher wavelength of the 

plasmonic band of the sample.18,19,21,22  
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Figure 82: DRUV-Vis on CeO2-NF samples 

 

 

Figure 83: DRUV-Vis spectra of CeO2-Nanofibers samples between 370nm and 740nm 

 

Comparing the relative intensity of the spectra at 235nm and 260nm (Figure 84) is not possible 

to clearly notice the different amount of Ce3+ and Ce4+ in the samples.  
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Figure 84: DRUV-Vis spectra of CeO2-Nanofibers samples between 210nm and 290nm 

 

3.3.1.7 Catalytic tests on CeO2-NF samples prepared via DP 

The results for the catalytic test for the gold catalyst supported on ceria nanofibers prepared via 

DP are reported over time in the following Table 13 and Figure 85, for the tests performed at 

70°C, and in Table 14 for the tests performed at 80°C. 

The presence of the catalysts leads to complete conversion of HMF, as for the other catalysts 

supported on commercial cerium oxide (chapters 3.1.4 and 3.2.4), the catalysts prepared trough 

the DP process lead to the maximum yield in HMFCA after 2 hours of reaction time, presence 

of residual FFCA does not exceed over 5%, probably almost all the FFCA produced is 

converted to FDCA. The yield in FDCA increases over time and reach 53% after 4 hours of 

reaction time with the sample Au/CeO2 -NF_300, while less than half of it is formed using the 

catalyst Au/CeO2 -NF_550 in the same conditions. The carbon loss diminishes over the reaction 

time, in particular, it shows a marked decreasing after 1 hour of reaction time while the yield in 

FDCA at the same time is comparable with the yield in FDCA in the blank after 4 h of reaction. 
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Catalyst 
time 

(h) 

Χ HMF 

(%) 

Υ HMFCA 

(%) 

Y FFCA 

(%) 

Y FDCA 

(%) 

Carbon 

Loss (%) 
Note: 

blank 4 94 28 6 4 57 

Neither 

support nor 

catalyst 

blank 4 Not injectable due to side products 

Blank, only 

CeO2-

NF_300°C 

blank 4 Not injectable due to side products 

Blank, only 

CeO2-

NF_550°C 

Au/CeO2 -NF_300 

1 100 77 3 4 16  

2 100 67 2 28 3  

4 100 47 0 53 0  

Au/CeO2 -NF_550 

1 100 68 0 4 27  

2 100 77 5 13 5  

4 98 70 4 21 3  

Table 13: Catalytic test results overtime of the catalyst in nanofibers prepared via DP, T= 70 °C 

 

 

Figure 85: Conversion and products yields as a function of time for the catalyst in nanofibers prepared via DP, 

T=70 °C 
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The catalytic performance for the same reaction performed at 80°C (Table 14 and Figure 86) 

resemble the same pattern recorded at 70°C, but higher yield and better selectivity in the desired 

product are obtained. The reaction proceeds better over HMFCA, its yields are, in fact, lower 

compared to the yields obtained at 70°C. Both the yield in FDCA and the carbon loss are 

increased with the increasing of the temperature for the sample Au/CeO2-NF_550, while a 

diminishing in carbon losses and an increasing in the yield of FDCA is recorded for the sample 

Au/CeO2 -NF_300.  

 

Catalyst time (h) 
Χ HMF 

(%) 

Υ HMFCA 

(%) 

Y FFCA 

(%) 

Y FDCA 

(%) 

Carbon 

Loss (%) 
Note: 

blank 4 94 28 6 4 57 

Neither 

support 

nor 

catalyst 

Au/CeO2 -NF_300 

1 100 61 4 25 10  

2 100 42 2 54 2  

4 100 44 1 55 0  

Au/CeO2 -NF_550 

1 98 51 6 3 40  

2 100 68 1 17 14  

4 100 59 3 24 13  

Table 14: Catalytic test results overtime of the catalyst in nanofibers prepared via DP, T= 80 °C 
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Figure 86: Conversion and products yields over time for the catalyst in nanofibers prepared via DP, T=80 °C 
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 Synthesis of ceria nanofibers containing gold precursor via electrospinning 

In this part of the work, the gold nanoparticles precursor were directly inserted in the spinning 

solution for the electrospinning process. In this case, the main problem to solve was to succeed 

in the elimination of PVP controlling the growth of metal species. 

Prepared materials are reported in Table 15: 

Sample Surface Area (m2/g) Sample description 

Au/CeO2-NF_C 76 

Au on CeO2 nanofibers prepared by 

electrospinning calcined at 300°C in 

air 

Au/CeO2-NF_PC 96 

Au on CeO2 nanofibers prepared by 

electrospinning calcined at 300°C in 

N2 and 300 in air 

Table 15: catalyst samples in nanofibers electrospun with gold precursor 

 

Catalysts Au/CeO2NF_C and Au/CeO2NF_PC were electrospun using the same solution, 

containing the desired amount of chloroauric acid to obtain a catalyst with a metal loading of 

1.5%wt. but they were thermally treated in different conditions. (scheme in Figure 87) 

 

 

 

 

 

Figure 87: Scheme of the catalysts prepared by direct spinning with gold precursor 

Au/CeO2 -NF_C 

with chloroauric acid 

Au/CeO2 -NF_P 

NF with Au 

“as spun” 

 

Au/CeO2 -NF_PC 
calcination 

at 300°C 
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The result from the electrospinning process was not a fibre-like structure but a nano-belts 

structure with cross-section dimensions around 2x10µm (Figure 88). 

 

This nano-belts micro-structure was probably due to the different conductibility of the solution, 

which was enhanced by the greater ions content introduced in it by the addition of chloroauric 

acid. To prepare the catalysts the sample was divided into two different batches, one has been 

labelled “Au/CeO2-NF_C” been calcined with a heating ramp of 0.2°C/min and an isotherm 

maintenance at 300°C for three hours. The other one labelled “Au/CeO2-NF_PC”, has been first 

pyrolyzed in of N2 (flow 80mL/min, heating ramp of 0.2°C/min and isotherm maintenance at 

300°C for three hours). Then it followed the same calcination in air of the sample “Au/CeO2-

NF_C”. 

The double heat treatment of the sample “Au/CeO2-NF_PC” was meant to be a more gently 

removal of the PVP in the structure of the catalyst, to study both the effect of the pyritization 

and to avoid localized temperature increases that could lead to an increasing in the dimension 

of the gold nanoparticles.  

 

B A 

Figure 88: sample Au/CeO2-NF as spun (A) and at higher magnification (B) 
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3.3.2.1 Thermogravimetric analysis of the calcination process on nanofibers spun with gold 

The electrospun nanofibers comprised of gold, cerium nitrate and PVP were analysed via TGA. 

The analyses were carried out both in air and in nitrogen, to study the different behaviour of the 

samples. 

The TGA performed in air shows three weight losses in the sample (Figure 89). The first one is 

a continuous loss due to water absorbed in the sample and is particularly evident around 100°C. 

The second one is settled at 240°C and correspond to a loss of 4% of the weight, it is due to a 

first structural degradation of PVP33 . The third one is the most intense loss, it is settled at 300°C 

and corresponds to a loss of 45% of the weight, which is due to the PVP combustion. The final 

mass of the sample is 27% of the original mass. The fourth “step” in the temperature difference 

curve (brown plot) at 700°C is due to the thermal inertia of the system and not to a real change 

in the sample. 

 

Figure 89: TGA/DTA analysis under airflow of the sample in NF with Au “as-spun” 

 

The TGA performed under nitrogen flow shows four smooth weight losses followed by a 

continuous gently weight loss until the end of the analysis (Figure 90). The first, the fourth and 

the final continuous weight losses are associated with an endothermic peak in the curve of the 

temperature difference between the PAN of the sample and the reference one, the first weight 

loss is due to loss of water from the sample, the others two are given by desorption of pyrolysis 

oils formed during the process. The second and the third weight losses are due to the 
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degradation of Cerium nitrate and PVP on the samples. In particular, the fourth weight loss 

gives the most intense temperature increasing. 

 

Figure 90: TGA/DTA analysis under N2  flow of the sample in NF with Au “as-spun” 

 

The TGA performed on the sample Au/CeO2-NF_P  under airflow (Figure 91) displays three 

weight losses for a total weight loss of 35% of the original weight. The first weight loss, around 

100°C is associated with water absorbed in the sample, the second and the third weight losses, 

at 200°C and 300°C, these are caused by the thermal degradation of PVP and nitrates, this could 

be deduced by the positive peak in the DTA curve at the same temperature. The second weight 

loss in particular is associated with an intense positive peak in the DTA due to a strongly 

exothermic process.  

 



114 

 

 

Figure 91: TGA/DTA analysis under airflow of the sample Au/CeO2-NF_P 

 

Looking at these results we decided to perform the calcination of the fibres spun with HAuCl4 

in air to prepare the sample Au/CeO2-NF_C with a gentle heating ramp in a muffle with a rate 

of 0.2°C/min and three hours of isotherm maintenance, to not damage the nanofibers structure1. 

To prepare the sample Au/CeO2-NF_P from the fibres spun with HAuCl4 the heat treatment in 

N2 flow have been performed with a heating rate of 2°C/min and three hours of isotherm 

maintenance. 

The final heat treatment in air of the sample Au/CeO2-NF_P to produce the sample Au/CeO2-

NF_PC has been performed in a muffle with a ramp of 0.2°C/min and three hours of isotherm 

maintenance, the purpose of this ramp was to avoid excessive temperature spikes which could 

lead to undesired growth of the gold nanoparticles.  
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3.3.2.2 ATR analysis on nanofibers spun with gold 

The catalyst samples Au/CeO2-NF_C and Au/CeO2-NF_PC (black and green lines) have been 

analysed via ATR, the spectra are reported in Figure 92 with the other samples in nanofibers 

and the spectrum of the PVP for the comparisons.  

The signal of PVP leftovers is still barely visible at 2930cm-1 on samples Au/CeO2-NF_C and 

Au/CeO2-NF_PC (highlighted by the yellow triangles in Figure 92). 

The signal of residual PVP has not been detected in sample Au/CeO2-NF_C however, as 

reported previously, PVP leftovers been detected via TGA in chapter3.3.2.1. 

 

Figure 92: ATR spectra of the nanofibers samples 
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3.3.2.3 XRD analysis on nanofibers spun with gold 

The XRD analysis on the sample of nanofibers and catalyst spun with gold (Figure 93, with the 

spectrum of the sample Au/CeO2–C and, blue line, and the other sample in nanofibers have 

been added for the comparison) shows the characteristic peaks of the fluorite-type structure of 

crystalline ceria, as listed above in paragraphs 3.1.1, and indicate the success of the 

electrospinning and calcination process, no other crystal phases have been recorded.  

The spectrum of the samples Au/CeO2-NF_P (dark grey line, Figure 93) shows the 

characteristics peaks of cerium(IV) oxide too, this means that the heat treatment under N2 flow 

at 300°C was sufficient to form the oxidic structure of ceria. 

Is possible to notice that some of the samples have broader peaks than the others, this is 

particularly noticeable in the samples spun with chloroauric acid and for the nanofibers samples 

calcined only at 300°C.  

The broadening is due to the smaller size of the crystallites, which have been calculated through 

Scherrer and was equal to 7nm and 4nm for the samples Au/CeO2-NF_C and Au/CeO2-NF_PC 

respectively, these are the smallest crystallites dimension measured in al the prepared 

nanofibers samples (dimension of the crystallites are reported in Table 16, Figure 94 and Figure 

95). The overlapping in those samples is particularly evident on the peaks of the planes (331) 

and (420) that are almost completely overlapped. 

The XRD on the samples spun with chloroauric acid revealed smaller nanocrystals (Table 16 

and Figure 95), in particular on the samples Au/CeO2-NF_P and Au/CeO2-NF_PC than in the 

sample Au/CeO2-NF_C (brown and green columns), this suggests that the two steps preparation 

process (heat treatment in N2 followed by calcination) influenced the final dimension of the 

crystallites. 
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Figure 93: XRD patterns of the samples of nanofibers  

 

Sample 
Average dimension of the 

ceria crystallites (nm) 

Au/CeO2-NF _PC 4 

Au/CeO2-NF _P 4 

Au/CeO2-NF _C 7 

Au/CeO2-NF _550 12 

CeO2-NF _550 12 

Au/CeO2-NF_300 8 

CeO2-NF_300 7 

Au/CeO2-C 18 

Table 16: Average dimensions of the ceria crystallites from Scherrer 
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The dimension of the crystallites in each crystal plane has been calculated through Scherrer’s 

equations to highlight possible preferential grooving on the crystalline plane, the results have 

been reported in Figure 94 and Figure 95. No preferential growing has been detected for the 

nanofibers samples spun with and without chloroauric acid (Figure 95). 

 

 
Figure 94: Dimension of crystallites of the different crystal planes in the samples CeO2-NF spun without 

chloroauric acid 

 

 
Figure 95: Dimension of crystallites of the different crystal planes in the samples CeO2-NF spun with 

chloroauric acid 

 

0

2

4

6

8

10

12

14

16

(111) (200) (220) (311) (222) (400) (331) (420)

D
im

e
n

si
o

n
 o

f 
cr

is
ta

lli
te

s 
(n

m
)

Miller index

CeO2 -NF_300 Au/CeO2-NF_300 CeO2 -NF_550 Au/CeO2 -NF_550

0

2

4

6

8

10

12

14

16

1 2 3 4 5 6 7 8

D
im

e
n

si
o

n
 o

f 
cr

is
ta

lli
te

s 
(n

m
)

Miller index

Au/CeO2 -NF_C Au/CeO2 -NF_P Au/CeO2 -NF_PC



119 

 

The relative peak intensities of the nanofibers samples have been compared to a reference 

tabulated ceria structure (reference code: 00-043-1002) and the results are reported in Figure 

96 and Figure 97. No relevant differences have been detected in the exposure of the reticular 

planes except for planes (220) and (311), in particular for the samples CeO2-NF_300, Au/CeO2-

NF _C and Au/CeO2-NF _P, which seems to be less exposed for around 10%. Given the fact 

that the plane (220) is parallel to the plane (110), it could be that this plane in less exposed to. 

The plane (110) is visible only at small angles10, a further SAXRD analysis could confirm this 

hypothesis. 

 

Figure 96: Differences between the intensities tabulated and measured for samples CeO2-NF spun without 

chloroauric acid (tabulated intensities reference code: 00-043-1002) 

 

 

Figure 97: Differences between intensities tabulated and measured for samples CeO2-NF spun with chloroauric 

acid (tabulated intensities reference code: 00-043-1002) 
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The detailed XRD analysis between 36 and 41 2θ (Figure 98) shows clearly the diffraction peak 

of the crystalline plane (111) of gold nanoparticles on the catalyst samples in nanofibers 

prepared via DP (the two purple curves) or directly spun with chloroauric acid (black and green 

curves).13 The Scherrer equation was used again to calculate the dimension of crystallites that 

have been reported in the following  Table 17 and compared with the results of the crystallites 

sizes on the commercial samples from chapters 3.1.1 and 3.2.1, is possible to notice that the 

border peaks are associated with the smallest crystallites size of the gold nanoparticles.  

 

Catalyst 
Average dimension of the 

gold crystallites (nm) 

Au/CeO2-NF _PC 24 

Au/CeO2-NF _C 20 

Au/CeO2-NF _550 8 

Au/CeO2-NF_300 7 

Au/CeO2-C 6 

Au/ CeO2-HS <5 

Table 17: Average dimensions of the gold crystallites from Scherrer 

 

Figure 98: XRD analysis of the catalyst samples in nanofibers 36 and 41 2θ 

 

36 37 38 39 40 41

a.
u

.

2θ

Au/CeO2-NF_300 Au/CeO2-NF_550 Au/CeO2-NF_C Au/CeO2-NF_PC



121 

 

3.3.2.4 Raman analysis on nanofibers spun with gold 

In Raman spectra of nanofibers samples Au/CeO2-NF_C and Au/CeO2-NF_PC (dark grey and 

green lines, Figure 99) it is possible to identify clearly only the main characteristic peaks of 

cerium oxide, due to the strong fluorescence on the samples that were impossible to correct 

completely. The intense fluorescence was probably due to the relatively big gold nanoparticles 

deposited on the samples. 

On the sample Au/CeO2-NF_PC is present the signal at 835cm-1 due to traces of soluble 

impurities, probably chlorides, previously mentioned (chapter 3.2.2). 

The two spectra have been compared with the Raman spectra of the other nanofiber samples 

(Figure 100). 

The main peaks of cerium oxide of the catalyst in nanofibers prepared both via DP or via direct 

spinning with HAuCl4 are visibly enlarged and shifted to smaller cm-1, this is a sign of the 

presence of Au nanoparticle on the support14 (Figure 100 A and C, the two purple, the dark grey 

and the green spectra). 

The D-band of samples directly spun with Au (Figure 100 B, dark grey and green curves) are 

not comparable due to the high fluorescence on the samples.  

 

Figure 99: Raman spectra of samples Au/CeO2-NF_C and Au/CeO2-NF_PC 
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Figure 100: comparison of Raman spectra of the nanofiber samples (A), magnification on the D-band region (B), 

magnification on the main peak of ceria (C)DRUV-Vis analysis on nanofibers spun with gold 

 

3.3.2.5 DRUV-Vis analysis on nanofibers spun with gold 

The spectra of the DRUV-vis analysis on nanofibers samples Au/CeO2-NF_PC (black and 

green lines) are reported in Figure 101, alongside sample Au/CeO2-NF_300 (pink line) for 

comparison.  

The catalyst samples show the band of the plasmonic resonance of gold nanoparticles around 

570nm (Figure 102). The sample Au/CeO2-NF_C (black curve), seems to have a plasmonic 

band more red-shifted at 588nm and intense, compared with the two catalysts prepared via DP 

(pink and purple curves) and to the sample Au/CeO2-NF_PC. This information is in accordance 

with the XRD data from chapter 3.3.2.3, where Au NP are reported to have a greater average 

diameter (average diameter from Scherrer: 20nm) in the sample Au/CeO2-NF_C rather than 

the samples prepared via DP (average diameter for samples Au/CeO2-NF_300 and _550 of 7nm 

and 8nm respectively). 

 The sample Au/CeO2-NF_PC (green line) presents the maximum of its plasmonic band at 

568nm as if the average diameter of its nanoparticles is at an intermediate size between samples 

Au/CeO2-NF_300 and Au/CeO2-NF_550; this data is not in accordance with the XRD where 

the average diameter of the nanoparticles calculated from Scherrer equation was 24nm. This 

shift could be caused by some interaction between the metal and the support. 18,19,21,22  

C
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Figure 101: DRUV-Vis on CeO2-NF samples spun with Au (black and green curve) and, for comparison, sample 

Au/CeO2-NF_300 prepared via DP (pink curve) 

 

 

Figure 102: DRUV-Vis spectra of CeO2-NF  samples between 370nm and 740nm 
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Comparing the relative intensity of the spectra for all the samples in nanofibers between 235nm 

and 260nm (Figure 103) is not possible to clearly notice the different amount of Ce3+ and Ce4+ 

in the samples.  

 

Figure 103: DRUV-Vis spectra of CeO2-Nanofibers samples between 210nm and 290nm 

 

3.3.2.6 Catalytic tests on nanofibers spun with gold 

The results for the catalytic test for the gold catalyst supported on ceria nanofibers spun with 

HAuCl4 are reported over time in the following Figure 104 and Table 18 for the tests performed 

at 70°C, and in Table 19 for the tests performed at 80°C. 

The presence of the catalysts leads to complete conversion of HMF, as for the other catalysts 

supported on commercial cerium oxide (chapters 3.1.4 and 3.2.4), but the sample Au/CeO2-

NF_C seem not particularly selective for the reaction of oxidation of the HMF and shows almost 

negligible yield in FDCA and high carbon loss over 60% after 2 and 4 hours of reaction time. 

Considering the extremely low activity of the catalyst the reaction at 1 hour of reaction time 

have not been tested with this catalyst at the temperature of 70°C. 
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Catalyst 
time 

(h) 

Χ 

HMF 

(%) 

Υ 

HMFCA 

(%) 

Y 

FFCA 

(%) 

Y 

FDCA 

(%) 

Carbon 

Loss (%) 
Note: 

blank 4 94 28 6 4 57 

Neither 

support nor 

catalyst 

blank 4 Not injectable due to side products 

Blank, only 

CeO2 -

NF_300°C 

blank 4 Not injectable due to side products 

Blank, only 

CeO2 -

NF_550°C 

Au/CeO2 -

NF_300 

1 100 77 3 4 16  

2 100 67 2 28 3  

4 100 47 0 53 0  

Au/CeO2 -

NF_550 

1 100 68 0 4 27  

2 100 77 5 13 5  

4 98 70 4 21 3  

Au/CeO2 -C 

2 100 7 0 1 92  

4 100 39 0 >1 60  

Table 18: Catalytic test results over time of the Au/ CeO2 -NF catalyst, T= 70 °C 
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Figure 104: Conversion and products yields as a function of time for the Au/CeO2 -NF catalyst, T=70 °C 

 

The catalytic performance for the same reaction performed at 80°C (Table 19) resemble the 

same pattern recorded at 70°C, but higher yield and better selectivity in the desired product are 

obtained with all the catalysts. At 80°C and 4 hours of reaction time have been tested also the 

sample Au/CeO2 -NF_PC, it was not possible to do other tests for reasons of time. 

The reaction with the sample Au/CeO2 -NF_C proceeds slightly better over HMFCA, and its 

yields are, marginally higher compared to the yields obtained at 70°C. The carbon loss is 

increased to 34% after 4h with the increasing temperature. Despite these findings, the samples 

prepared via DP are more active and selective for the desired reaction. 

The sample Au/CeO2 -NF_PC had a similar performance to the sample Au/CeO2 -NF_C in the 

same conditions. They have been compared at 80°C and 4 hours of reaction time (Table 19 and 

Figure 106) as is possible to notice both of the catalysts caused the complete conversion of the 

HMF and had low and comparable yield in the desired oxidation products, the main difference 

is that the sample Au/CeO2 -NF_PC had a  carbon loss greater than 10% of sample Au/CeO2 -

NF_C. 
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Catalyst 
time 

(h) 

Χ HMF 

(%) 

Υ HMFCA 

(%) 

Y FFCA 

(%) 

Y FDCA 

(%) 

Carbon Loss 

(%) 

Au/CeO2 -NF_300 

1 100 61 4 25 10 

2 100 42 2 54 2 

4 100 44 1 55 0 

Au/CeO2 -NF_550 

1 98 51 6 3 40 

2 100 68 1 17 14 

4 100 59 3 24 13 

Au/CeO2 -NF_C 

1 93 43 8 2 43 

2 96 28 7 2 63 

4 100 53 9 4 34 

Au/CeO2 -NF_PC 4 100 42 8 4 47 

Table 19: Catalytic test results over time of the Au/ CeO2 -NF catalyst, T= 80 ° 

 

Figure 105: comparison of the catalytic test of the samples, reaction conditions: 4h, 80°C 
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3.4 Comparison of the different samples 

 Comparison of the Raman analysis on the different samples 

The spectra of the catalysts synthesized are shown in Figure 106 while peaks parameters are 

reported in  Table 20. All the spectra present a shift of the main F2g peak to minor Raman shift 

than the respective supports without gold and the pure peak ceria (previously explained in 

chapters 3.1.2, 3.2.2 and 3.3.1.5)14,24,28, this phenomenon is due to the presence of gold on the 

support and the size of the crystals14,32. Smaller crystals can produce a peak broadening and 

both smaller crystals and the presence of gold can produce a redshift of the peak to lower Raman 

shift. In this case, the crystallites dimension have been calculated through Scherrer’s equation 

and reported previously (paragraphs: 3.1.1, 3.2.2 and 3.3.1.4), the sample with the smallest 

crystallites size is the sample Au/CeO2-HS, but the samples in nanofibers are redshifted too, in 

particular the sample Au/CeO2-NF_550°C is redshifted as the sample Au/CeO2-HS and almost 

broad as it. Has been reported by Loridant et al.32 that nanostructure with a high aspect ratio 

presents a broader and redshifted main band.  

 

Figure 106: Comparison of the Raman spectra of the catalysts synthesised  

Sample Centre [cm-1] FWMH 
Dimension of 

crystallites [nm] 

Au/CeO2-HS 454.8 36.8 5 

Au/CeO2-NF_550 454.1 28.8 12 

Au/ CeO2-NF_PC 460.4 24.2 4 

Au/CeO2-NF_300 459.4 23.1 8 

Au/ CeO2-NF_C 460.5 22.2 7 

Au/ CeO2-C 459.0 19.7 18 

 Table 20: peaks parameters 
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 Comparison between the results of the catalytic test of the different samples 

The catalytic test results at 70°C and 80°C of the catalysts supported on commercial ceria 

powder have been compared in the following Table 21 and Figure 107. The sample Au/CeO2-

C seem to be more selective and active for the oxidation of HMF than the other catalysts. The 

activity of the catalyst strongly increases with the temperature and reaches the 96% yield in 

FDCA and negligible carbon loss in 4 hours at 80°C. On the other hand, the catalyst Au/CeO2-

HS gives lower yields in the desired product and carbon losses. The carbon loss over time seems 

to get worst with the increasing temperature.  

The catalyst Au/CeO2-HS has smaller gold nanoparticles and a high surface area given by the 

small ceria crystallites. A possible explanation for the low performance of the sample Au/CeO2-

HS could be diffusion problems of the reagents and the products in the pores of the catalysts, 

which are probably narrow because of the small crystallites of the support.  A further 

porosimeter analysis could provide more information. 

Catalyst T (°C) 
Reaction 

time (h) 
Υ HMFCA (%) 

Y FFCA 

(%) 
Y FDCA (%) Carbon Loss (%) 

blank 70 4 28 6 4 57 

Au/CeO2-C 70 

1 68 2 20 10 

2 59 0 41 0 

4 32 1 67 0 

Au/CeO2-HS 70 

1 79 8 5 8 

2 75 6 13 6 

4 64 2 16 18 

Au/CeO2-C 80 

1 70 2 18 10 

2 35 0 65 0 

4 3 0 96 1 

Au/CeO2-HS 80 

1 Not injectable due to heavy products 

2 Not injectable due to heavy products 

4 55 3 33 9 

Table 21: Comparison of the performance of the catalyst for the reactions at 70°C 
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Figure 107: Comparison of conversion and products yields of the commercial catalysts over time, T=70 °C 

 

 

Figure 108: Carbon loss at 70°C, comparison over time of the commercial catalysts 
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increases with it. In particular, the Au/CeO2-C catalyst is more active than the sample in 

nanofibers, after four hours of reaction at 80°C it reached the 96% yield in FDCA, while the 

other catalyst, in the same conditions, managed to produce the 60%.  

Catalyst T (°C) 
Reaction 

time (h) 
Υ HMFCA (%) Y FFCA (%) Y FDCA (%) 

Carbon Loss 

(%) 

blank 70 4 28 6 4 57 

Au/CeO2-C 

 

70 

1 68 2 20 10 

2 59 0 41 0 

4 32 1 67 0 

Au/CeO2 -

NF_300 
70 

1 77 3 4 16 

2 67 2 28 3 

4 47 0 53 0 

Au/CeO2-C 80 

1 70 2 18 10 

2 35 0 65 0 

4 3 0 96 1 

Au/CeO2 -

NF_300 
80 

1 61 4 25 10 

2 42 2 54 2 

4 44 1 55 0 

Table 22: Comparison of the performance of the catalysts Au/CeO2-C and Au/CeO2 -NF_300 
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Figure 109: Comparison of conversion and products yields of the catalysts Au/CeO2-C and Au/CeO2 -NF_300 

over time, T=80 °C 
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4 Conclusions 

It is known that ceria could be used as support or catalyst itself, its properties are related to the 

number of defects on the surface, which depend on the surface area, the morphology and the 

reticular planes exposed in the material. In this work, we have prepared 1D structures of 

cerium(IV) oxide through electrospinning with the purpose of synthesising gold on ceria 

catalyst to study the effect of the preparation method on the final morphologies and the catalytic 

properties of the material. 

Electrospinning was used to spin both the precursor structures for the supports and the catalysts 

themselves. The spun precursors of the support have been calcined at different temperatures 

(300°C and 550°C) in air atmosphere to eliminate the polymeric templating agent (PVP) and 

obtain pure CeO2 nanofibers. Then, gold nanoparticles were loaded by deposition precipitation 

(DP) on the surface of the prepared cerium oxide. 

Two more catalysts have been prepared by mixing directly in the spinning solution the precursor 

of the gold nanoparticles (HAuCl4) to obtain them during the following heat treatments. In this 

case, the main problem to solve was to succeed in the elimination of PVP, because the 

exothermic reaction could lead to the undesired growing of the metal species. One sample has 

been prepared via direct calcination of the fibres in a muffle; the other one has been first heated 

under N2 flow and then calcined in air. 

These samples have been characterized through SEM, TEM, TGA, XRD, ATR, RAMAN and 

DRUV-Vis analyses and have been tested on the selective oxidation of HMF to FDCA.  

 

 

A scheme of the different preparation has been reported in Figure 110, two SEM images of the 

morphology obtained after spinning are shown in Figure 111: 
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Figure 110: Resume of the preparations of the catalysts 
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Figure 111: SEM images of nanofibers morphology of the sample NF “as-spun” without gold (A), and SEM images of the 

nanofibers belt-like of the sample NF with Au “as-spun” (B) 
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In Table 23 is possible to notice the strong influence of the calcination temperature on the 

surface area of the spun supports, the samples CeO2 -NF_300 and CeO2 -NF_550 have been 

calcined at 300°C and 550°C respectively and they show a significant difference in the surface 

area of 83 m2/g and 21 m2/g.  

No significant differences have been detected between the surface area of the samples of 

calcined nanofibers without gold at 300°C (CeO2 -NF_300°C and Au/CeO2-NF_300°C) and the 

sample of nanofibers spun with gold and then calcined (Au/CeO2NF_C). On the other end, there 

is a remarkable gap between those samples and the sample prepared via two heat treatments 

(Au/CeO2NF_PC) one in N2 flow and the other in a muffle.  

 

Support Sample 

Surface 

area 

[m2/g] 

Notes: 

Electrospun 

nanofibers 

CeO2 -NF_300 83 Ceria nanofiber support, calcined at 300°C 

CeO2 -NF_550 21 Ceria nanofiber support, calcined at 550°C 

Au/CeO2-NF_300 77 
Au supported on nanofiber support calcined 

at 300°C, synthesised via DP 

Au/CeO2-NF_550 29 
Au supported on nanofiber support calcined 

at 550°C, synthesised via DP 

Electrospun 

nanofibers 

(spun with 

chloroauric 

acid) 

Au/CeO2 -NF_C 76 

Prepared by electrospinning using a solution 

containing HAuCl4 and calcinating the fibres 

at 300°C in air 

Au/CeO2-NF_P N/A 

Prepared by electrospinning using a solution 

containing HAuCl4 followed by thermal 

treatment at 300°C in N2 

Au/CeO2-NF_PC 96 

Prepared by electrospinning using a solution 

containing HAuCl4 followed by thermal 

treatment at 300°C in N2 and calcination in 

air at 300°C 

Table 23: sample prepared and respective surface areas 

 

The Scherrer equation has been used on the XRD analysis of the sample to calculate the average 

dimension of the crystallites. The effect of the preparation method clearly influenced the 

dimension of the final ceria crystallites, and the dimension of the crystallites are related to the 

surface area of the samples (Table 24). The prepared samples showed a small dimension of the 

crystallites, the main difference could be observed between the samples of supports in NF 
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calcined at different temperatures and the respective catalyst prepared by DP. The support 

calcined at higher temperature shows bigger crystallites due to the Ostwald ripening. The two-

steps removal of PVP to prepare the sample Au/CeO2-NF _PC managed to form small 

crystallites of 4 nm, which gave the highest surface area of the synthesized samples. 

Sample 
Average dimension of the 

ceria crystallites (nm) 
Surface area (m2/g) 

CeO2-NF_300 7 83 

CeO2-NF _550 12 21 

Au/CeO2-NF_300 8 77 

Au/CeO2-NF _550 12 29 

Au/CeO2-NF _C 7 76 

Au/CeO2-NF _P 4 N/A 

Au/CeO2-NF _PC 4 96 

Table 24: Average dimension of the ceria crystallites and BET surface areas of the samples 

 

The preferential exposure of the reticular plane has been verified using a tabulated reference 

(reference code: 00-043-1002), no remarkable differences have been highlighted, except for a 

slight under-exposure of the reticular planes, probably due to a little over-exposure of the face 

(111) used as reference (Figure 112).  

 

Figure 112: Differences between intensities tabulated and measured for samples CeO2-NF spun without 

chloroauric acid (tabulated intensities reference code: 00-043-1002) 
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One of the main goals of the preparation was to form nanoparticles as small as possible. The 

XRD of the peaks (111) of gold supported ion the prepared catalysts in nanofibers are reported 

in Figure 113 while the average dimension of the gold crystallites have been calculated through 

the Scherrer equation and are reported in Table 25. As is possible to notice the preparation 

method influenced the size of the gold nanoparticles on the catalysts. The catalyst prepared via 

DP process showed small nanoparticles that do not exceed 8nm. The samples prepared via one 

or two heat treatments on the fibres spun with HAuCl4 present larger nanoparticles of 20 and 

24nm. This has been caused by the strong exothermic degradation of PVP in the nanofibers 

during heat treatment. Despite the TGA analysis of the samples to better understand the 

phenomenon and the slow heating rate used during the heat treatments to prevent excessive 

growth of the metal phase. 

 

Figure 113: XRD of the peak (111) of the gold nanoparticles supported on the ceria catalyst samples 
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Catalyst 
Average dimension of the 

gold crystallites (nm) 
Preparation method 

Au/CeO2-NF_300 7 DP on cerium oxide nanofiber 

Au/CeO2-NF _550 8 DP on cerium oxide nanofiber 

Au/CeO2-NF _C 20 
Calcination of nanofibers spun 

with HAuCl4 

Au/CeO2-NF _PC 24 
Heat treatment under N2 flow 

and calcination of nanofibers 

spun with HAuCl4 

Table 25: Average dimension of the gold crystallites 

 

The results of the catalytic tests using the catalysts in nanofibers on the oxidation reaction of 

HMF to FDCA have been compared in the following Figure 114.  

Is possible to notice the strong dependence of the nanoparticle size on the final catalytic results, 

the sample Au/CeO2-NF_300 have shown to be selective in the desired reaction, with good 

yields in the desired oxidation products and almost 0% of carbon loss. A similar pattern has 

been recorded for the sample Au/CeO2-NF_550, the main difference in these two samples 

prepared via DP on the nanofibers is that the second gave a carbon loss of 13%, this lower 

selectivity has probably been caused by the greater size of its gold nanoparticles. 

The two samples prepare via direct spinning of the fibres with HAuCl4 showed similar 

performance, with high carbon losses and lower yields in the desired oxidation products. 

 

Figure 114: Catalytic test results of the HMF oxidation, reaction conditions: HMF: NaOH 1:4, t= 4h, T= 80°C 
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The electrospinning technique showed to be reliable in the production of 1D structure with 

possible application for catalysis purposes. The catalysts tested suggest that a wise preparation 

procedure could lead to good activity and selectivity in the desired reaction. The preparation 

method of the catalyst proved to influence the final morphology of the material, in particular, 

the crystallites dimensions and the surface area could be positively tuned during the production 

process. The removal of the soft templating agent used during the electrospinning, such as PVP, 

must be carefully studied to exploit the great influence on the final surface area of the material 

avoiding hot spots and possible undesired growing of the metal active phase during these 

operations, the nucleation and the crystal growth of the metal proved to be crucial for the 

preparation of good catalysts. 

 


