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Abstract 
 

This PhD thesis reports a study on hydrothermal processing of saccharides, with the aim 

to create functional carbonaceous materials. The materials concerned are recognized to 

have potential applications as an anode material for lithium ion batteries, as an electrode 

in supercapacitors, and as a template material for fabrication of functional 

nanostructures. The carbonization process investigated also has the potential for carbon 

sequestration from plant biomass. Motivated by these promises, the study focuses on the 

fundamental science as well as the processing conditions involved in the creation of 

carbonaceous spheres by hydrothermal processing from several saccharides including 

fructose, glucose, sucrose and starch. 

 

The thesis is written as a compilation of publications, including those published, 

submitted and fully prepared for submission. It contains three parts: (1) the investigation 

on formation and growth mechanisms of carbonaceous spheres from fructose solution 

via a hydrothermal process; (2) the commonality of formation processes of 

carbonaceous spheres from different saccharides; and (3) the investigation on pyrolytic 

treatment of these carbonaceous spheres. 

 

(1) Hydrophobic precipitation of carbonaceous solids during hydrothermal processing 

of fructose 

The main contribution of this PhD study is the establishment of a new mechanism for 

the formation of carbonaceous spheres by hydrothermal dehydration of fructose. The 

key formation steps are as follows. (i) The solution NMR study confirmed that the first 

stage dehydration converts fructose to an intermediate compound, the 

5-hydroxymethylfurfural (HMF). Carbonaceous spheres are formed through further 

dehydration of HMF compounds. (ii) Partial dehydration of HMF monomers resulted in 

the formation of networked HMF clusters. (iii) Precipitation of HMF clusters to form 
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first solids in the solution as a result of their progressively increased hydrophobicity. 

These first solids, known as the primary nanoparticles, were observed and identified for 

the first time in our study.(iv)The subsequent aggregation of these nanoparticles 

resulted the formation of carbonaceous microspheres.  

 

(2) A common hydrothermal route for carbonization of saccharides from mono- to 

poly-saccharides 

We investigated the formation of carbonaceous spheres from a variety of saccharide 

aqueous solutions, including fructose, glucose, sucrose and starch by hydrothermal 

processing between 423 K and 463 K. Our experimental evidence clearly demonstrated 

that the initial dehydration of any saccharide, being fructose, glucose, sucrose or starch, 

under hydrothermal treatment would result in the formation of HMF. Consequently 

carbonaceous spheres are formed from the HMF, regardless of which precursor 

saccharide used, and thus share a common formation process, the hydrophobic 

precipitation process. 

 

Among the four saccharides, fructose is easiest to carbonize. Glucose needs to 

undertake an isomerisation to convert to fructose first, making it more difficult to 

carbonize. Sucrose undergoes initial hydrolysis to form fructose and glucose prior to 

carbonization. Starch hydrolyses into glucose prior to carbonization. Consequently, 

regardless which saccharide precursor used, the carbonaceous spheres are formed from 

dehydration of HMF molecules. 

 

(3) Pyrolytic treatment of carbonaceous spheres synthesized from saccharides by 

hydrothermal processing 

This study investigates the effect of pyrolytic treatment on the carbonaceous spheres 

produced from saccharides. It has found that the pyrolytic treatment under argon 

protection at 1273 K removes most of the H and O contents form the original 

carbonaceous spheres in the forms of CO, CO2, H2O, and CH4. Confirmed by the x-ray 
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diffraction (XRD), FTIR spectroscopy and solid state 13C NMR, the resulted carbon 

spheres are composed of highly disordered carbon structures showing no graphene-like 

carbon stacking. Gas absorption analyses using N2 and CO2 indicate that these carbon 

spheres possess a highly uniform porous structure; they are characterised by high BET 

specific surface area (>700 m2/g), large pore volume, and nanopores of < 1.5 nm. 

Preliminary studies have shown that these carbon spheres have a reversible lithium 

storage capacity of ~450 mAh/g after 45 cycles at a current density of 100 mA/g. 
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Chapter 1 Introduction 
 

1.1. Carbon element on earth and carbon cycle 

Carbon is nonmetallic, tetravalent element, which presents several allotropic forms of 

which the best known are graphite and diamond. Carbon is arguably the most important 

element in the modern life on Earth, both providing the stimulus as the energy source to 

our technological demands and at the same time causing environmental damages that 

threaten to curb further progress of our civilization. It is the fourth most abundant 

element in the universe by mass, after hydrogen, helium, and oxygen. It is present in all 

known life forms, and in the human body where it is the second most abundant element 

by mass (about 18.5wt.%) after oxygen[1]. 

 

Theoretically, the amount of carbon on Earth is a constant, which means the utilization 

of carbon is effectively its recycling by taking carbon from somewhere and disposing of 

it somewhere else. For millions of years, the global carbon exchanges were in near 

balance until recent decades. Human activities have upset this balance through the over 

use of fossil carbon and, at the same time, the disruption of terrestrial ecosystems. The 

global warming as a result of greenhouse effect is largely due to the emission of 

CO2which contributes to over 70 % of total greenhouse gas emissions in the atmosphere 

[2].  

 

Climate change and its associated natural disasters experienced in the world in recent 

years have forced all nations to assess their effort to control CO2 emission to the 

atmosphere. It is clear that we not only need to develop alternative energy sources with 

less carbon footprints and thus reduce our dependence on high carbon footprint  fossil 

fuels, we also need to develop efficient way to sequester CO2 in order to return to a 

balanced carbon cycle. 
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For a long time in the human history, the carbon cycle was a naturally regulated process 

which transfers carbon throughout its atmospheric, terrestrial and aqueous systems. For 

example, plants can remove carbon in the atmosphere through the photosynthesis 

process that sequesters CO2 in their biomass, thus provide a temporary carbon sink 

during their life time. However, the decay of biomass at the end of plant life will release 

the stored carbon back to atmosphere in the form of CO2. One of the strategies being 

considered is based on a concept to capture carbon in plant biomass before its decay, 

and to develop an integrated process where bioenergy is utilized at the same time the 

residual carbon is stabilized to return to earth, rather than into atmosphere as CO2 [3, 4] 

This potentially negative carbon footprint concept is illustrated in Figure 1-1 [3].  

 

 

Figure 1-1.An overview of biomass cycle illustrating a sustainable biochar concept [3]. 

 

In this biomass cycle, CO2 is removed from the atmosphere by plant biomass (including 

agricultural crops, agroforestry and biomass crops) through photosynthesis. The carbon 

content in the plant biomass is then extracted through pyrolysis of plant biomass to 
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yield biooil, syngas and process heat as energy sources and biochar. Although, CO2 is 

returned to the atmosphere through combustion of biooil and syngas, biochar, as a stable 

form of carbon, can be returned to soil as a carbon sink. In addition to its role to store 

carbon, biochar is also believed to increase soil water and nutrient holding capacities 

thus result in increased plant growth. This enhanced productivity provides a positive 

feedback in the cycle that further enhances the amount of CO2 removed from the 

atmosphere.  

 

The renewed interest on biochar has also stimulated more research activities that 

examine the biomass derived functional materials [5-7].Among them, an interesting 

concept of organic-battery was proposed by world renowned Li-ion battery experts, 

Armand and Tarascon, in Nature [8], as shown in figure 1-2. 

 

 

Figure 1-2. Proposed organic-based batteries based on electrode materials made from 

biomass [8]. 

 

It is reported that myo-inositol extracted from corn can be synthesized to form a 

water-free lithiated oxocarbon salt (Li2C6O6) that shows a reversible capacity as high as 

580 mAh/g as electrode materials for the existing Li-ion battery technology [9]. Another 
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area of research is on a unique form of carbonaceous spheres derived from saccharides 

[10-13], which will be the main subject of this thesis. 

 

1.2. Carbonaceous materials derived from saccharides by hydrothermal processing 

Saccharides are simple carbohydrates consisting of carbon, hydrogen and oxygen with a 

general formula of Cm(H2O)n. Saccharides can be divided into four classes, namely 

monosaccharide (fructose and glucose), disaccharide (sucrose), oligosaccharide 

(cyclodextrin) and polysaccharide (starch and cellulose). The molecule structures of 

these saccharides are shown in Figure 1-3.  
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Figure 1-3. The molecule structure of different saccharides: Fructose and glucose 

redrawn from [14]; sucrose, cellulose and starch redrawn from [14, 15]; Cyclodextrin 

modified from [16]. 

 

Fructose and glucose are isomers. As shown in Figure 1-3, glucose preferentially exists 

in the six-membered, puckered ring forms while the fructose is with five-membered 

form and they were named pyranose and furanose, respectively [14].A glycosidic bond 

joins the two monosaccharide molecules of fructose and glucose to create a sucrose 

molecule. Polysaccharides such as starch and cellulose consist of chains of 
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monosaccharide units (glucose) joined by glycosidic bonds, whereas cyclodextrin is a 

fragment of starch [14].  

 

When aqueous saccharide solutions are treated under hydrothermal conditions, i.e. 

heated to a temperature above boiling temperature of water (usually within 110-250oC) 

under a hermetically sealed condition (usually in an autoclave), the dehydration of 

saccharide molecules result in the formation of a carbon rich material [17-19]. Due the 

unique spherical shape of its particles, this carbon rich material is named carbonaceous 

spheres. 

Figure 1-4 illustrates the carbonaceous spheres produced from a range of saccharides 

precursors, including fructose, glucose, sucrose, cyclodextrins, starch and cellulose, 

under different hydrothermal treatment conditions. The size of carbonaceous spheres 

can range from 100nm to 6 μm depending on precursor type and associated 

hydrothermal conditions; these spheres are often interconnected into clusters under 

intermediate conditions. Furthermore, for a specific saccharide precursor, it was found 

that increasing the reaction temperature, the concentration of saccharide solution, or the 

reaction time leads to an increase in the yield of carbonaceous product and the average 

size of the spheres, as shown in Table 1-1[20]. 
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Figure 1-4. Summary of morphologies of carbonaceous spheres produced from various 

saccharides by hydrothermal processing: (a) fructose (135 oC) and (b) glucose (160 oC) 

under the same condition but at different temperature [21]; (c) glucose, (d) sucrose and 

(e) starch under the same condition of 180 oC/24 h[22]; (f) cyclodextrin (160 oC/16 

h)[23]; (g) cellulose (250oC/4 h) [24].  
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Table 1-1. The size of carbon spheres resulting from hydrothermal treatment of different 

saccharides under various conditions [20]. 

 

Saccharide c [mol/L] T [oC] t [h] Sphere diameter [μm] 

Glucose 0.5 170 4.5 0.4 (±0.06) 

  180  0.44 (±0.09) 

  190  1.2 (±0.3) 

  210  1.2 (±0.3) 

  230  1.4 (±0.4) 

 0.5 170 15.0 1.0 (±0.3) 

  180  1.9 (±0.8) 

 1.0 190 4.5 1.4 (±0.3) 

 1.0 230 1 0.92 (±0.08) 

  240  1.9 (±0.2) 

 1.0 240 0.5 1.0 (±0.1) 

     

Starch 0.5 180 4.5 3.6 (±0. 9) 

 0.25 180  1.3 (±0.2) 

 0.25 200  1.7 (±0.5) 

 0.1 200  0.04 (±0.07) 

     

Sucrose 0.50 190 4.5 6.0 (±2.1) 

 

When compare the hydrothermal carbonization conditions for different saccharides, it is 

clear that molecular structure of saccharide dictates the easiness of its carbonization. For 

example, fructose can produce the carbonaceous spheres at as low as 120oC, whereas 

glucose needs to be carbonized at 160 oC and above [21]. Moreover, glucose produces 

smaller carbonaceous spheres at 160 oC than that of fructose at 135 oC as shown in 
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Figure 1-4 (a) and (b). It is therefore clear that fructose can be carbonized more readily 

than glucose under hydrothermal conditions. This is further supported with the 

experimental observations of following:  

(1) Sucrose, having a fructose and a glucose molecular unit joined by a glycosidic bond 

[25], undergoes hydrothermal carbonization at similar conditions of fructose. The 

parallel carbonization behaviour of sucrose and fructose can be seen in our study 

shown in Figure 1 of the Chapter 3. 

(2) Cyclohexin, starch and cellulose, having molecular structure unit of glucose, were 

found to require higher hydrothermal temperature to carbonize than fructose and 

sucrose. This is again in agreement with the carbonization behaviour of glucose. 

The detailed chemical reaction pathway to form carbonaceous spheres from various 

saccharides will be discussed in 1.3. 

 

The elemental analysis results of carbonaceous spheres produced from saccharides are 

found to be similar, with carbon content of~64 wt%, oxygen ~31wt% and hydrogen ~ 5 

wt%, as summarized in Table 1-2 [20]. Clearly these carbonaceous spheres are not pure 

carbon. 

 

Table 1-2. Elemental analysis of carbonaceous spheres [20] 

 

Elemental Analysis Saccharide 

C wt% H wt% O wt% 

Glucose (180 oC/24 h) 64.47 4.69 30.85 

Sucrose (180 oC/24 h) 64.15 4.77 31.09 

Starch (180 oC/24 h) 64.47 4.57 30.97 
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1.3. Chemical reaction pathway of carbonization of saccharides under 

hydrothermal conditions 

The formation of solid carbonaceous spheres from saccharides involves a series of 

chemical reactions of hydrolysis, decomposition, fragmentation and dehydration of 

saccharide molecules in the solution. These reactions of saccharides were investigated 

as early as in 1970s, although the early studies are mostly concerned with soluble 

substances produced during the process, including levulinic acid as green organic 

chemicals, and 5-hydroxymethylfurfural (HMF) as a promising substitute for 

petroleum-based building blocks in production of plastics and fine chemicals [26-29]. 

Systematic studies by Kuster et al [30, 31] in the 1970s revealed a two-step reaction 

pathway in hydrothermal dehydration of D-fructose involving (1) dehydration of 

fructose into HMF and (2) a series of further rehydration and dehydration of HMF to 

form levulinic and formic acids. There are many other research works on chemical 

reaction route of conversion into HMF and other chemicals [32-36]. Given the high 

interest in HMF as an intermediate compound to produce useful chemicals such as 

2,5-dimethylguran (DMF) for use as a liquid transportation fuel [32], extensive early 

studies have been carried out, leading to the establishment of the knowledge of chemical 

routes and reaction kinetics for the conversion of various saccharides to HMF and 

levulinic and formic acids. Figure 1-5 depicts this generalized reaction pathway scheme 

of biomass-derived saccharides [37]. This scheme was proposed based on the 

experimental study performed at processing temperatures up to 180 oC and autonomous 

pressure within a two-phase batch reactor, conditions that are similar to commonly used 

hydrothermal processing conditions. It is, therefore, feasible to infer the chemical 

reaction pathway from this scheme. 

 

During these early studies, the formation of an insoluble byproduct was noticed but 

little attention was given. This dark colour solid material was often referred to as humin 

[26, 29, 38]. It is only in recent years, in their quest for new carbon-based anode 
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materials for lithium storage, Wang et al investigated the solid byproduct during 

hydrothermal dehydration of sucrose solutions and revealed that the solid product 

formed consists of perfect spherical carbon rich particles [39, 40]. Wang’s work has 

attracted much attention due to potential applications of this novel form of carbonaceous 

materials. Many studies have since been carried out on carbonaceous spheres derived 

from hydrothermal dehydration of various saccharides, resulting in a significant 

progress in the understanding of not only chemical, physical and microstructural 

properties of these carbonaceous spheres [20, 22, 41], but also the mechanisms of the 

formation and growth of these spheres [42]. 

 

 

 

Figure 1-5. Schematic representation of reaction pathways for acid-catalyzed hydrolysis 

and dehydration of biomass-derived carbohydrates to HMF in a biphasic system [37]. 
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1.4. Formation and growth mechanism of carbonaceous spheres from saccharides 

via hydrothermal process 

Since the discovery of carbonaceous spheres, several models have been proposed to 

delineate their formation mechanism. Here is a chronological discussion of some 

important models published in the literatures.  

 

1.4.1 Model based on spherical micelles 

As mentioned previously, Wang et al were first to reveal that hydrothermal dehydration 

of sucrose solutions results in perfect carbonaceous spheres [39, 40]. Based on this 

morphological observation, they proposed that sucrose molecules form a kind of 

amphiphilic compound under hydrothermal conditions, and as the concentration of this 

compound reaches a critical micelle concentration (cmc), spherical micelles develop. 

The carbonaceous spheres thus grow by the polymerization of sucrose molecules, as 

shown in Figure 1-6 [40]. This hypothesis is largely speculative and appears to 

contradict to a common knowledge that sucrose decomposes into fructose and glucose 

in water at moderately elevated temperatures and thus cannot directly form into 

amphiphilic compounds. 

 

 
Figure 1-6. Schematics of formation process of dewatering sugar spherules. (A) 

dehydration of sugar; (B) formation of spherical micelles; (C) growth of the nuclei [40]. 
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1.4.2 Model based on core-shell concept (hydrophobic core and hydrophilic shell)  

Earlier studies suggested that carbonaceous spheres are formed through condensation 

polymerization of saccharide molecules [40, 42] followed by aromatization under 

hydrothermal conditions. The carbonaceous spheres produced are thus expected to have 

a highly aromatic nucleus and a hydrophilic shell. In 2004, Li et al. reported firstly a 

model conformed to LaMer model [43, 44], which involves an outburst of nucleation 

step and growth of molecule by molecule [42]. The growth model was shown in Figure 

1-7. When the solution reached a critical supersaturation, a short single burst of 

nucleation resulted. This carbonization step may arise from cross-linking induced by 

intermolecular dehydration of linear or branchlike oligosaccharides, or other 

macromolecules formed in prior step. The resulting nuclei then grew uniformly and 

isotropically by diffusion of solutes toward the particle surfaces until the final size was 

attained. Eventually, a core-shell structure of carbon sphere was formed.  

 

 

Figure 1-7.Schematic growth model for carbon spheres proposed by Li et al. [42]. 

 

A later model proposed by Sevilla et al. in 2009 [20] was in agreement with Li’s growth 

model. Sevilla et al. studied the synthesis and formation process of carbonaceous 

spheres, denoted as hydrochar, by hydrothermal carbonization of three saccharides of 

glucose, sucrose and starch at temperatures ranging from 170 to 240 oC. They believed 

that the formation of carbonaceous spheres follows the classical nucleation-growth 

mechanism described by the LaMer model. Basically, it is believed that under 

hydrothermal conditions, the saccharide molecules undergo dehydration and 

fragmentation to form many organic species such as HMF, furfural, 1,2,4-benzenetriol, 
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and others. These species undergo further polymerization and condensation to form 

aromatic clusters. When the concentration of these aromatic clusters in the solution 

reaches a critical supersaturation, a burst nucleation process takes place. The nuclei 

grew by addition of reactive species in the solution. These species are superficially 

linked to form microspheres through the polymerization of the reactive oxygen 

functionalities present in both the outer surface of the microspheres and in the reactive 

species. The carbonaceous spheres produced are thus expected to have an outer shell 

consisting of molecules with reactive oxygen groups and a highly aromatic inside core. 

This core-shell chemical structure is depicted in Figure 1-8. 

 

 

Figure 1-8. Schematic illustration of the hydrophobic/hydrophilic core-shell chemical 

structure of the carbon microspheres by Sevilla, et al.[20]. 

 

In a following up work, Sevilla et al. studied the formation of hydrochar from 

hydrothermal treatment of cellulose. In this study, they provided a detailed chemical 

process via which cellulose undergoes a series of hydrolysis, isomerization, 
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decomposition and dehydration prior to the formation of carbonaceous hydrochar, as 

schematically illustrated in Figure 1-9 [24].  

 

 

Figure 1-9. Mechanism of formation of carbonaceous (hydrochar) spheres from 

cellulose by hydrothermal treatment proposed by Sevilla et al.[24]. 
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Firstly, the two stage hydrolysis of cellulose produces glucose which isomerizes to form 

fructose. In the meantime, the decomposition of these monosaccharides produces 

organic acids. The hydronium ions formed from these acids act as the catalyst in the 

subsequent dehydration reactions leading to the formation of furfural-like compounds, 

including 1,6-anhydroglucose, HMF and 1,2,4-benzenetriol. The subsequent 

polymerization and condensation of these intermediate compounds eventually lead to 

the formation of carbonaceous hydrochar following the similar formation and growth 

model proposed in their earlier work [20]. In this work, Sevilla et al. have also come to 

an important conclusion that glucose, sucrose, starch and cellulose all undergo a similar 

pathway to form the carbonaceous products.  

 

Up to date, there is no solid experimental evidence in published literature to support the 

core-shell structure. There is also some doubt in terms of formation of 

1,2,4-benzenetriol intermediate compound under this under the relatively mild 

processing conditions[35]. 

 

1.4.3 New concepts based on intermediate HMF compounds 

One of the most important breakthroughs in the understanding of formation and growth 

mechanism of carbonaceous spheres has to be the realization that 

5-hydroxymethylfurfural (HMF), an intermediate compound formed during hydrolysis 

of saccharides, is the precursor chemical to the subsequent formation of carbonaceous 

spheres.  

 

Yao et al. first utilized the nuclear magnetic resonance (NMR) and in-situ light 

scattering to probe the hydrothermal process of fructose and glucose solutions [21]. 

Their study revealed several important findings that are fundamentally important to the 

subsequent understanding of the formation and growth of carbonaceous spheres. Yao et 

al. showed that when the fructose solution is treated hydrothermally, fructose molecules 

convert firstly to an intermediate compound of HMF. HMF molecules undergo 
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subsequent polymerization process to form microscopic nonpolar carbon-rich spheres. 

These spheres spontaneously assemble in a similar way as in emulsion to form 

aggregated assemblies. Subsequent polymerization of these assemblies leads to further 

growth of carbonaceous spheres and results in their final structure consisting of 

relatively dense hydrophobic core and a hydrophilic shell. In addition, Yao et al had 

also noted, for the first time, that carbonaceous spheres derived from fructose exhibits a 

raspberry-like morphology [21]. On the other hand, parallel study was also carried out 

by Yao et al. on glucose solution. In this case, HMF was not detected in-situ during the 

hydrothermal processing. Consequently, they concluded that glucose carbonizes via an 

intermolecular dehydration among glucose molecules as proposed by Li et al [42]. 

These two distinguished carbonization processes for glucose and fructose are depicted 

very well in Figure 1-10 by Yao et al. [21].  

 

 
Figure 1-10. (i) SEM and TEM images of carbon spheres prepared by hydrothermal 

processing of fructose (a and b) and glucose (c and d) by Yao et al.; (ii) schematic 

illustration of dehydration and carbonization process of (a) glucose and (b) fructose 

under hydrothermal conditions [21]. 

 

In 2008, Shin, et al., who are in the same group of Yao’s, reported a follow up study 

[23], in which they prepared colloidal carbonaceous spheres using aqueous α-, β-, and 

γ-cyclodextrin solutions, which are cyclic oligosaccharides of α-glucopyranose derived 

from starch, under hydrothermal conditions. They used 13C NMR and FTIR to 

investigate the mechanistic pathway of carbonization of these saccharides. The 

(ii)(i) 
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experimental results of this work allowed them to conclude that even for glucose, 

hydrothermal treatment will result in the formation of HMF first prior to the formation 

of carbonaceous spheres. However, they still believed that carbonaceous spheres have a 

core-shell structure comprised of a relatively dense hydrophobic core and a hydrophilic 

shell and the surface of carbon sphere appears smooth. The growth of carbonaceous 

spheres is thus believed to occur via the attachment HMF molecule by molecule. The 

schematic diagram of this carbonization process is shown in Figure 1-11.  

 
Figure 1-11. Schematic illustration of dehydration and carbonization process of 

cyclodextrin under hydrothermal conditions [23]. 

 

An important work was published in 2008 by Titirici et al, who concluded that all 

carbonaceous materials obtained from hexoses-based mono-(glucose, HMF), 

di-(maltose, sucrose) and polysaccharides (amylopectin, starch) have same chemical 

nature using techniques of 13C solid-state cross polarization (CP) NMR analysis [22]. 

The result of 13C NMR spectra of carbonaceous materials obtained from all saccharides 

they used is collected in Figure 1-12 [22], which clearly indicated that they all possess 

furanic molecular structures. Consequently, Titirici et al suggested that all saccharides 

in their hexose form will convert to HMF before undergoing poly-condensation to form 

carbonaceous spheres. 

Glucose 
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Figure 1-12. (a) 13C solid-state CP-MAS NMR spectra of carbons from hexose-based 

saccharides and pentose-based saccharides; (b) Schematic illustration of reaction 

pathways of the formation of hydrothermal carbons from hexoses [22]. 

 

Later on, Baccile et al. achieved deeper investigation by combining 13C solid–state 

MAS NMR methods, such as one dimensional (single pulse, CP-MAS, IRCP, 

through-bond C-H filtering, intensive nuclei enhanced by polarization transfer (INEPT)) 

and two dimensional experiments (13C-13C exchange spectroscopy and through-space 
13C homonuclear double-quantum−single-quantum correlation) [45]. They found that 

the core of the carbonaceous sphere is composed of furan rings cross-linked by domains 

containing short keto-aliphatic chains instead of earlier reported graphene-type sheet 

structures. Figure 1-13 shows the structural model of a carbonaceous spherical particle 

[45]. 

(b) 

(a) 
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Figure 1-13. Schematic structural model of carbon particles proposed by Baccile et al. 

[45] 

 

This overview highlights the significant progress achieved in our understanding of the 

formation and growth process of carbonaceous spheres derived from various saccharide 

precursors under hydrothermal treatments. The collective research effort of many 

groups has contributed to the identification of precursor chemical compound, the HMF, 

leading to the formation of carbonaceous spheres, thus established the chemical intrinsic 

structure of this unique class of carbon materials. From the physical structural point of 

view, the formation and growth mechanism is still not fully understood. One of the 

main objectives of this thesis is to use a rage of experimental evidence to establish the 

physical formation and growth process leading to this spherical carbonaceous form. 

 

1.5. Pyrolytic treatment of carbonaceous materials 

The success of Li-ion battery technology is one of the examples of significant 

contribution of functional materials to our modern life. The key components in a Li-ion 

battery are Li-intercalation electrodes and electrolyte; one of the electrodes is the 

carbon-based anode. The ever increasing demands of our modern life on the 

performance of battery have provide continuous stimulus and challenges to materials 

scientists and battery developers to come up with battery materials and battery 

technologies capable of higher capacity, higher power, longer life and lower cost. 
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This forms the backdrop for continuous research into carbon materials which not only 

possess high lithium storage capacity, but also can deliver these lithium ions rapidly to 

ensure the high power of the battery. Significant research and development has been 

carried out in this research field in the last two decades [46-49] and it is not within the 

scope of this thesis to review the start of art of the field. The focus in this session is to 

highlight the lithium storage mechanism in graphitic and non-graphitic carbon materials, 

as this forms part of our investigation on the pyrolytic treatment of carbonaceous 

spheres. 

 

1.5.1 Lithium storage in graphitic carbons 

As we all know, lithium-ion batteries still dominate the market as main power source 

for consumer electronics due to their superior performance [47]. Lithium-ion battery 

technology builds on a so called “rocking chair” concept where lithium ions are being 

transported or “rocked” between two lithium intercalation compounds, the two 

electrodes. The cathode is made of oxide compounds such as LiCoO2 and anode is 

based on graphitic carbons. This simple battery chemistry has stood the test of time so 

far, and barely changed since its predominance in the market started in the early 1990s. 

 

It is well known that graphite has a theoretical lithium storage capacity of 372 mAh/g, 

limited by its intrinsic crystallographic structure. Shown in Figure 1-14 is the crystal 

structure of hexagonal graphite with an AB stacking sequence, where A and B are basal 

planes consisting of covalently bonded carbon atoms arranged in a honeycomb planar 

structure. 
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Figure 1-14. Left: schematic drawing of the crystal structure of hexagonal graphite, 

showing the AB layer stacking sequence and the unit cell. Right: view perpendicular to 

the basal plane of hexagonal graphite. Prismatic surfaces can be subdivided into 

arm-chair and zig-zag faces [50]. 

 

Theoretically, a maximum lithium content of one Li guest atom per six carbon host 

atoms, i.e. LiC6, can be achieved in crystalline graphite structure as depicted in Figure 

1-15. The intercalation reaction occurs only at prismatic surfaces (arm-chair and zig-zag 

faces). During intercalation into graphite the stacking order of the graphene layers shifts 

to AA stacking sequences, resulting in two neighbouring graphene layers directly face 

each other. In the LiC6compound, Li is distributed in-plane in such a manner that it 

avoids the occupation of the nearest neighbour sites as shown in 1-15(b). 
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Figure 1-15. Structure of LiC6: (a) Left: schematic drawing showing the AA layer 

stacking sequence and the αα interlayer ordering of the intercalated lithium. Right: 

simplified representation. (b) View perpendicular to the basal plane of LiC6[50]. 

 

1.5.2 Lithium storage in non-graphitic carbons 

The realization of theoretical limitation of lithium storage in graphite has inspired many 

scientists and battery researchers to look into other forms of carbon materials. Over the 

last several decades, numerous carbon materials have been created and studied for 

lithium storage, including the petroleum coke [51, 52], activated carbon [53], carbon 

nanotubes [54], and various synthetic carbons derived from pyrolysis of organic 

substances [55]. The main chemical and structural changes involved in the conversion 

of organic substances to graphitic carbons have been summarized in Figure 1-16 by 

Mochida et al [55].It is clear a series of complex structural change both chemically and 

physically are required for the graphitization to occur at a significant degree. 

( 

( 
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Figure 1-16. Summary of carbonization and graphitization by pyrolysis of organic 

materials up to 3000 oC [55]. 

 

Majority of graphitic carbon materials are synthetic carbons synthesized by high 

temperature pyrolysis of organic substances [56-58], and the pyrolysis process involves 

four key steps, each occurs at increasing temperatures: (i) aromatization at lower 

temperatures by removal of low molecular weight praraffin or olefins; (ii) coking at 

increased temperatures which results in the formation of domains of 1-1.5 nm consisting 

of graphite-like carbon layers, denoted as BSU (basic structural unit) as proposed by 

Inagaki [59]; (iii) further removal of heterogeneous atoms such as S, O and N which 

promotes the extension of BSU units in La(110) and Lc(002); and (iv) graphitization is 

achieved at high temperatures, often above 2500 oC [57]. 

 

Sometimes graphitization may not occur to a significant extent due to the presence of 

voids formed as a result of rigid cross-linking between neighbouring BSU, thus 

pyrolysis results in what we called non-graphitic carbons. This rigid cross-linking holds 

neighbouring crystallites apart and hinders the coalescence which would be necessary to 
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graphitize, as illustrated in Figure 1-17 [60]. Non-graphitic carbons show little 

development of graphite structure even at relatively high temperatures of 2500-3000 oC. 

It was reported that the formation of non-graphitic carbon is encouraged by the presence 

of significant amount of oxygen or a shortage of hydrogen [61]. 

BSU layers VoidsBSU layers Voids

 
Figure 1-17. Schematic drawing of a non-graphitic carbonaceous material [60]. 

 

Many reports in the literature have shown that non-graphitic carbons possess higher 

lithium storage capacities than graphite; the specific capacity of 450 to 600 mAh/g have 

been reported for pyrolyzed carbon from epoxy resins [62] and carbon spheres derived 

from sucrose [63]. Various models of lithium storage have been put forward to account 

for the extra lithium storage capacity in these non-graphitic carbon structures [64-68]. 

The most feasible one was proposed by Dahn et al. [63, 69,70]. They believed that the 

structure of non-graphitic carbons consists of single layers of carbon sheets arranged 

more or less like a house of cards [69, 70]. Lithium could be “absorbed” onto both sides 

(surfaces) of these carbon sheets, leading to more lithium being stored per carbon than 

in graphite, as shown in Figure 1-18. Their experimental results showed that all carbon 

materials with a lithium storage capacity of >400 mAh/g contain appreciable 

nanoporosity. They believed that when the pores are sufficiently small, the adsorption 

of lithium on the pore surfaces will essentially fill the pores entirely.  
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Figure 1-18. Reversible capacity of hard carbons prepared plotted as a function of their 

single layer fraction [70]. 

 

The carbonaceous spheres created by hydrothermal treatment of saccharides present a 

unique class of carbon materials in terms of their chemical and physical structures. As 

prepared, they have chemical structures consisting of 5-member rings interconnected by 

other segments. There is no indication that significant domains of graphene like 

structures exist on them. Physically, as will be discussed in chapters 2 and 3, we have 

found that these carbonaceous spheres form by physical aggregation of nano-primary 

particles. After heat treatment, these carbonaceous spheres generate nanopores 

uniformly throughout the spheres, marking them a unique candidate for lithium storage 

study. The detailed discuss on this topic forms the chapter 3 of this thesis. 

 

1.6. Thesis overview 

The literature overview has highlighted the most updated research and development on 

carbonaceous materials derived from saccharides under hydrothermal conditions. It can 

be summarized that  

(1) A general consensus has mostly been reached on a common chemical pathway to 

the carbonization of a range of saccharides, from simple monosaccharides to 

complexed polysaccharides. This common chemical pathway involves hydrolysis 

of polysaccharides to from monosaccharides, dehydration of monosaccharides to 
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intermediate compounds such as HMF and others; and finally polymerization to 

form the carbonaceous spheres.  

(2) The carbonaceous sphere has furanic chemical structure regardless which 

saccharide precursor it is derived from. 

(3) It is generally believed that the formation and growth of carbonaceous spheres 

follow the classical LaMer model of nucleation due to saturation of reactive 

molecules and subsequent growth by molecular additions.    

 

The main contributions of this thesis are as follows: 

(1) It is the first time experiment observation was made to show the formation of a 

structural building unit, the primary particle, forms by dehydration of HMF 

compounds; 

(2) The identification of primary particles together with other experimental evidences 

enable us to establish a new formation and growth mechanism based on what we 

called a hydrophobic ripening concept to account for the physical structure 

development of carbonaceous spheres. 

(3) With the solution NMR analysis, we are able to confirm the common chemical and 

physical pathway to from carbonaceous spheres from all saccharides. We proposed 

that all carbonaceous spheres are formed from intermediate HMF compounds 

regardless the initial saccharide type. 

(4) We investigated the pyrolytic treatment on the chemical and physical structure of 

the carbonaceous spheres and demonstrated that a unique nanoporous carbon 

material can be derived which possesses high BET surface area and uniformly 

distributed nanopores. This is potentially a new type of lithium storage and 

supercapacitor material. 

 

This thesis is arranged as a series of 4 papers, including 2 published, 1 submitted and 1 

to be submitted. The thesis consists of four chapters as highlighted in the following. 
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Chapter 1. Introduction 

Chapter 1 has provided a literature review on the backdrop for this study and 

carbonaceous materials derived from saccharides. It includes the analysis on carbon 

cycle, the synthesis of carbonaceous spheres from saccharides via hydrothermal method, 

current knowledge on the chemical pathway, and formation and growth mechanisms of 

carbonaceous spheres, and the analysis of carbon structures in the context of lithium 

storage as anode materials for lithium-ion battery technology. 

 

Chapter 2. Formation and growth mechanism of carbonaceous spheres derived 

from saccharides (Paper 1, Paper 2 and Paper 3) 

Paper 1: First identification of primary nanoarticles in the aggregation of HMF, Mu 

Zhang, Hong Yang, Yinong Liu, Xudong Sun, Dongke Zhang, and Dongfeng Xue. 

Nanoscale Research Letters 2012; 7:38.DOI: 10.1186/1556-276X-7-38. 

This paper reports the experimental evidence of primary nanoparticles formed during 

dehydration of fructose under hydrothermal conditions. This important discovery sets 

the foundation for a new mechanism to be proposed on the formation and growth of 

carbonaceous spheres based on the involving the formation and aggregation of these 

nanoparticles.  

 

Paper 2: Hydrophobic precipitation of carbonaceous spheres from fructose by a 

hydrothermal process, Mu Zhang, Hong Yang, Yinong Liu, Xudong Sun, Dongke Zhang 

and Dongfeng Xue. Carbon 2012, 50(6), 2155-2161. DOI: 

10.1016/j.carbon.2012.01.024. 

In this paper, we report a new mechanism of hydrophobic ripening for the formation of 

carbonaceous spheres by the dehydration of saccharides in a hydrothermal aqueous 

environment using fructose as a model precursor material. We investigated the 

formation of carbonaceous spheres from fructose in aqueous solutions under 

hydrothermal conditions. The spheres were found to contain 65.7 wt.% C, 4.3 wt.% H 

and 30.0 wt.% O, implying an incomplete dehydration of the fructose. The spheres, 
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typically ranging between 400 nm-10 μm in diameter, are found to be constructed 

entirely of primary particles of ~5 nm. The chemical structure of the carbonaceous 

spheres and the chemical compositions of residual solutions were analyzed using solid 

state and solution 13C nuclear magnetic resonance and Fourier transform infrared 

spectroscopy. Based on these results, a four-step formation and growth mechanism for 

the spheres is proposed which involves (i) partial dehydration of fructose into 

5-hydroxymethylfurfural (HMF), (ii) polymerization of HMF molecular clusters, (iii) 

hydrophobic ripening of the clusters into carbonaceous primary nano-particles, and (iv) 

aggregation of the primary particles into micro-spheres. This mechanism is consistent 

with key experimental observations reported in this work and in the literature. 

 

Paper 3: A common hydrothermal route for carbonization of saccharides by 

hydrophobic precipitation process, Mu Zhang, Hong Yang, Yinong Liu, Dongke Zhang 

and Lindsay Byrne. Ready for submission to ChemSusChem, June 2012. 

In this paper, we investigated the formation of carbonaceous spheres from a variety of 

saccharide aqueous solutions, including fructose, glucose, sucrose and starch by 

hydrothermal processing between 423 K and 463 K. The products obtained were 

analyzed by elemental analysis, nuclear magnetic resonance, Fourier transform infrared 

spectrometry and electron microscopy. The experimental evidence demonstrates that the 

carbonaceous spheres produced from all the saccharide precursors are identical, 

suggesting that these precursors all pass through the same reaction route during 

carbonization. This common route involves four distinctive steps: (i) conversion to an 

intermediate compound of 5-hydroxymethylfurfural (HMF) by intramolecular 

dehydration, (ii) polymerization of HMF monomers into molecular clusters by 

intermolecular dehydration, (iii) precipitation of solid primary nanoparticles by 

hydrophobic ripening of the molecular clusters, and (iv) aggregation of the primary 

nanoparticles into large spheres.  
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Chapter 3. The effect of pyrolytic treatment on chemical and physical structures 

of carbonaceous spheres derived from saccharides (Paper 4) 

Paper 4: Pyrolytic treatment of carbonaceous spheres synthesized from glucose by 

hydrothermal processing, Mu Zhang, Hong Yang, and Yinong Liu, to be submitted to 

Carbon. 

This paper reports on pyrolytic treatment of carbonaceous spheres produced by 

hydrothermal processing from saccharide precursors. These materials are promising for 

Li ion battery applications. The carbonaceous spheres produced by hydrothermal 

processing (from glucose) are disordered and contain 4.11 wt% H and 29.82 wt% O. 

Characterization by means of x-ray diffraction, Fourier-transform infrared spectroscopy 

and solid state 13C nuclear magnetic resonance indicate that the final carbon materials 

are composed of disordered carbon bonds without aromatic hexagonal stacking structure. 

Pyrolytic treatment of the carbonaceous spheres under argon protection at 1273 K is 

found to remove most of the H and O contents in the forms of CO, CO2, H2O, CH4, and 

some unidentified hydrocarbons. Gas absorption analyses using N2 and CO2 show that 

the carbon products after the heat treatment contain nanopores less than 1.5 nm. The 

heat treated carbon spheres exhibit Li ion charge capacity of 450 mAh/g after 45 cycles 

at a current density of 100 mA/g. 

 

Chapter 4. Conclusions 

This final chapter presents a summary of main findings and contributions of this thesis 

work.
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Chapter 2.Formation and growth mechanism 
of carbonaceous spheres derived from 

saccharides 
 

2.1. First identification of primary nanoparticles in the aggregation of 

HMF 

Mu Zhang, Hong Yang*, Yinong Liu, Xudong Sun, Dongke Zhang and Dongfeng Xue 

Nanoscale Research Letters 2012,7:38. 
 

Abstract 

5-Hydroxymethylfurfural [HMF] is an important intermediate compound for fine 

chemicals. It is often obtained via hydrothermal treatment of biomass-derived 

carbohydrates, such as fructose, glucose and sucrose. This study investigates the 

formation of carbonaceous spheres from HMF created by dehydration of fructose under 

hydrothermal conditions. The carbonaceous spheres, ranging between 0.4 and 10 µm in 

diameter, have granulated morphologies both on the surface and in the interior. The 

residual solution is found to contain a massive number of primary nanoparticles. The 

chemical structure of the carbonaceous spheres was characterised by means of FTIR and 

NMR spectroscopies. Based on these observations, a mechanism involving the 

formation and aggregation of the nanoparticles is proposed. This mechanism differs 

considerably from the conventional understanding in the open literature. 

 

Keywords: saccharides; carbohydrate; HMF; nanoparticles; carbonaceous spheres. 
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2.1.1 Introduction 

Hydrothermal treatment of saccharides (e.g. fructose, glucose, sucrose and starch) at 

elevated temperatures has attracted much attention in recent years for its technological 

and scientific interests [1-6]. In general, hydrothermal treatment of saccharides produces 

water-soluble organic substances and insoluble carbonaceous solids. The soluble 

organic substances have been the focus of early research, and understanding of the 

chemical reaction process and the products has been well established by earlier 

researchers [7, 8]. In more recent years, the solid products, often referred to as humins 

in early studies, have attracted keen attention due to their potential for applications as 

functional nanomaterials or as nanotemplates for other materials [1, 9-11]. Among these 

studies, several hypotheses have been suggested in the literature for the physical and 

chemical mechanisms for the formation of these carbonaceous solids, often in a 

spherical form. Earlier studies suggested that the carbonaceous spheres form via 

dehydration of saccharide molecules followed by aromatization under hydrothermal 

conditions. The carbonaceous spheres produced are thus expected to have a highly 

aromatic nucleus and a hydrophilic shell [1-5, 9]. Another hypothesis proposed by 

Wang et al.[12]suggests that sucrose molecules form a kind of amphiphilic micelle 

compound under hydrothermal conditions, and as the concentration of this compound 

reaches a critical micelle concentration, spherical micelles develop. The carbonaceous 

spheres thus grow by the polymerization of sucrose molecules [12]. Yao et al.[2] 

proposed probably the most acceptable suggestion, in which fructose converts into 

5-hydroxymethylfurfural [HMF] in the solution and then HMF monomers polycondense 

into nano-micro carbonaceous spheres via intermolecular dehydration. The 

microspheres further coalesce into larger spheres via a process analogous to emulsion 

coalescence. Despite the various concepts proposed, little direct experimental evidence 

has been reported in the literature to support these hypotheses. More recently, Hu et al. 

[13] published a review paper on hydrothermal processing of biomasses and pointed out: 

‘In the HTC process of carbohydrates, the formation process and the final material 

structures are rather complicated and a clear scheme has not been reported’. This 



 

 
CHAPTER 2  36 

statement well summarises the current state of understanding of the products and their 

formation mechanisms. 

To clarify this issue, we used fructose as a model precursor material to investigate the 

formation mechanism of the carbonaceous spheres under hydrothermal conditions. In 

this study, we identified for the first time the formation of primary nanoparticles, which 

serve as the building blocks for the micron-sized carbonaceous spheres. Based on this 

observation, we are able to elucidate that the formation mechanism of carbonaceous 

spheres is via aggregation of the primary nanoparticles. 

 

2.1.2 Experimental works 

Fructose (99%, Sigma-Aldrich, Castle Hill, NSW, Australia) was used as the saccharide 

precursor for the hydrothermal treatment. The fructose was dissolved in distilled water 

to form a 7.5wt.% solution. The solution was filled in a 100ml, Teflon-lined, stainless 

steel autoclave to 80% full. The autoclave was placed into a preheated oven and 

maintained at a constant temperature ranging between 423 and 463 Kfor various 

durations up to 48 h. Carbon spheres formed were separated from the solution by 

centrifugation, followed by washing in distilled water and absolute ethanol for several 

times, and finally dried at 333 K for 24 h. 

Morphology of the carbon spheres was characterised by means of scanning electron 

microscopy [SEM] (Zeiss 1555 instrument, Sydney, New South Wales, Australia) and 

transmission electron microscopy [TEM] (JEOL 3000 instrument, Sydney, New South 

Wales, Australia). Molecular structure of the carbon spheres was analysed by means of 

Fourier transform infrared [FTIR] spectroscopy (PerkinElmer Spectrum GX FTIR 

spectrometer, Melbourne, Victoria, Australia) with a resolution of 4 cm−1. Samples for 

FTIR analysis were prepared by mixing the sample powders with KBr (Ajax Finechem 

Pty. Ltd., Sydney, New South Wales, Australia) and compacting into discs. Solid-state 
13C cross-polarisation magic angle spinning spectra were recorded with a Varian 400 

MHz spectrometer (Melbourne, Victoria, Australia) with 4- or 6-mm zirconia rotors 

spinning at 5 kHz. A recycle delay of 2 s and a contact time of 2 ms were employed 
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with SPINAL decoupling during acquisition. Typically, 1,600 scans were acquired, and 

exponential multiplication with a line broadening of 100 Hz was applied prior to Fourier 

transformation. 

2.1.3 Results 

2.1.3.1 SEM and TEM identification of primary particles and their aggregation 

Hydrothermal treatment of fructose solution in an autoclave at temperatures in the range 

of 423 to 463 K for different times produced carbonaceous solids in a spherical shape. 

Figure 1 shows SEM images of carbon spheres produced under hydrothermal conditions. 

Micrograph (a) shows carbon spheres synthesised at 423 K for 6 h. The spheres, 

typically 100 to 300 nm in diameter under these conditions, are granular on their 

surfaces. Micrograph (b) is a TEM image of as-hydrothermal synthesized sample at 423 

K for 9 h, revealing the same features.  

(a)

100 nm

(b)

50 nm

10 µm

(c)

(e)

5 µm

(f)

100 nm

100 nm

(d)

 
Figure 1.SEM and TEM images of carbonaceous spheres, revealing details of grainy 

surfaces and interiors. Carbon spheres produced at (a, b) 423 and (c, d) 453 K. (e, f) 

Cross-sectional views revealing the interior of the carbonaceous spheres. 
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Hydrothermal treatment at higher temperatures produced larger, smooth and nearly 

perfect spheres, with diameters in the range of 0.4 to 10 µm. Micrograph (c) shows a 

sample treated at 453 K for 6 h. Micrograph (d) shows the surface morphology of a 

large, smooth sphere at high magnification. It is evident that the surface is rough and 

granulated. The granules are typically approximately 5 nm in size. To further examine 

the interior structure of the carbon spheres, the carbon sphere powders were cast into 

epoxy and then sliced for examination of their cross sections. Micrographs (e) and (f) 

show the SEM images of a sliced sample. Micrograph (e) shows a low-magnification 

image of the cross section of the sample, capturing both populations of the large and 

small spheres. Micrograph (f) shows the details of the interior of the carbonaceous 

sphere, revealing that the interior consisted of entirely nanosized particles, typically 

approximately 5 nm. 

 

Figure 2 shows TEM images of a sample prepared from a residual fructose solution 

after hydrothermal treatment at 423 K for 6 h. It is seen that the residual solution 

contained a large population of nanosized carbonaceous particles. These nanoparticles, 

hereafter referred to as primary particles, are uniform and are typically approximately 5 

nm in size. 

 

Figure 2.TEM image of primary nanoparticles in a residual fructose solution after 

hydrothermal treatment. 
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2.1.3.2 Chemical structure of carbonaceous spheres 

Figure 3 shows an FTIR spectrum of carbon spheres synthesised at 453 K. The broad 

band at approximately 3,300 cm−1 corresponds to O-H stretching of carboxylic bonds 

[14]. The band at 2,920 cm−1 is due to asymmetric C-H stretching of aliphatic groups. 

The shoulder at 1,704 cm−1 is an indication of undissociated carbonyl groups. The 

vibrations at 1,604, 1,510 and 1,395 cm−1 are the characteristic band stretches of the 

five-member heteroaromatic ring with double bonds [15]. The bands at 800 to700 cm−1 

may be assigned to strong hydrogen wag absorption of the five-membered ring with a 

CH=CH group unsubstituted [15]. This spectrum indicates that the carbon spheres are 

the derivatives of HMF, as evidenced by the signature five-member heteroaromatic 

rings. HMF is an intermediate compound formed via dehydration of fructose under 

hydrothermal conditions, as reported by Baccile et al. [16]. 
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Figure 3. FTIR spectrum of carbon spheres derived from fructose. 

 

Figure 4 shows a solid-state 13Cnuclear magnetic resonance [NMR] spectrum of 

carbonaceous spheres synthesised at 453 K. The peak at 13.55 is attributed to mobile 

CH3 groups. The peaks at 30.09 and 38.60 ppm (indicated by the single arrows) are 

characteristicofsp3 carbon atoms, indicating the presence of aliphatic species in the 
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sample. In reference to our solution 13C NMR analysis, these peaks are assigned to an 

embedded levulinic acid [16]. The peaks at 111.87 and 151.38 ppm (indicated by the 

double arrows) are associated with O-C=CH and O-C=CH sites on the furan ring, 

respectively [16,17].These peaks are attributed to the heterocyclic aromatic compound - 

furan, indicating the presence of HMF aromatic rings [17]. The broad peak at 170 to 

180 ppm (marked by *) is attributed to C=O groups in ketones and aldehydes from 

HMF, and embedded levulinic and formic acids [16].The peak at200.75 ppm (marked 

by #) is a spinning side band. This spectrum demonstrates that the carbonaceous spheres 

are composed of cross-linked furan rings derived from HMF, rather than graphene-type 

species or saccharide molecular link, as claimed in the literatures [1-4, 9]. This evidence, 

together with the FTIR analysis, further suggests that HMF, rather than fructose, is the 

feedstock of carbonaceous spheres. Elemental analysis of the solid carbon spheres 

showed that the spheres contained 65.7 wt.% C, 4.3 wt.% H and 30.0 wt.% O, 

corresponding to a molecular formula of C6H0.59(H2O)2.06. This corresponds to a loss of 

0.94 H2O per molecular unit of HMF. 

 

Figure 4.Solid state 13C NMR spectrum of carbon spheres produced by fructose. 

Single arrows indicate aliphatic groups. Double arrows in dash box indicate furanic 

ring. Asterisk indicates C=O group. 
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2.1.4 Discussion 

From all observations and analyses obtained in this study, we propose the following 

hypothesis as the formation mechanism of carbonaceous spheres from fructose under 

hydrothermal conditions, as schematically illustrated in Figure 5. Under hydrothermal 

conditions, fructose undergoes through the pathway of dehydration to form HMF. This 

has been proven in the literature [8, 18]. HMF monomer has active functional groups, 

such as the hydroxyl terminal. This renders the HMF monomer the ability to 

polycondense via intra-molecular dehydration through reactions between the hydroxyl 

and H-terminals of different HMF monomers to form cross-linked furanic species. The 

continued growth in size of the cross-linked furanic species eventually results in the 

precipitation of the molecular clusters out of the solution to form the primary 

carbonaceous nanoparticles. These primary nanoparticles, having inherited the 

functional groups of HMF on their surfaces, may continue to aggregate via the same 

polycondensation reactions as those causing the formation of the primary particles, 

leading to the formation of the large, near carbonaceous spheres. This concept, 

supported by the direct experimental evidence and the known chemistry of HMF, differs 

significantly from the conventional hypotheses in the published literature. 
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Figure 5. Schematic illustration of the formation mechanism of carbonaceous spheres 

from fructose under hydrothermal condition 
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2.1.5 Conclusions 

In this study, carbonaceous spheres were produced from fructose under hydrothermal 

conditions. The experimental evidences clearly demonstrate that the carbonaceous 

spheres are formed as aggregates of nanoparticles. TEM observation of residual 

solutions after hydrothermal treatment provides the direct and first evidence of the 

presence of these primary nanoparticles. Based on these observations, a new mechanism 

for the formation of carbonaceous spheres from saccharides has been proposed. The 

mechanism involves three steps, including dehydration of fructose into HMF, 

polycondensation of HMF monomers into primary particles via intra-molecular 

dehydration and aggregation of primary nanoparticles in carbonaceous spheres. This 

mechanism differs significantly from the conventional understanding in the published 

literature. 
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2.2. Hydrophobic precipitation of carbonaceous spheres from fructose 

by a hydrothermal process 

Mu Zhang, Hong Yang *, Yinong Liu, Xudong Sun, Dongke Zhang and Dongfeng Xue 

Carbon2012, 50(6):2155-2161.  

Abstract 

We report a new mechanism of hydrophobic ripening for the formation of carbonaceous 

spheres by the dehydration of saccharides in a hydrothermal aqueous environment using 

fructose as a model precursor material. We investigated the formation of carbonaceous 

spheres from fructose in aqueous solutions under hydrothermal conditions. The spheres 

were found to contain 65.7 wt.% C, 4.3 wt.% H and 30.0 wt.% O, implying incomplete 

dehydration of the fructose. The spheres, typically ranging between 400 nm-10 μm in 

diameter, are found to be constructed entirely of primary particles of ~5 nm. The 

chemical structure of the carbonaceous spheres and the chemical compositions of 

residual solutions were analysed using solid state and solution 13C nuclear magnetic 

resonance and Fourier transform infrared spectroscopy. Based on these results, a 

four-step mechanism for the formation and growth of carbonaceous spheres has been 

proposed.  

 

2.2.1 Introduction 

Saccharides such as fructose may be used to produce useful chemicals such as 

5-hydroxymethylfurfural (HMF), levulinic acid and formic acid [1-3] when treated at 

elevated temperatures in aqueous solutions. Given the strong interest in HMF as an 

intermediate compound for production of useful chemicals such as 2,5-dimethylfuran 

(DMF) for use as a liquid transportation fuel [4], extensive early studies have been 

carried out, leading to the establishment of the chemical routes and reaction kinetics for 

the conversion of various saccharides to HMF [5-8]. Under such conditions, an 

insoluble dark coloured by-product is also formed, which is often referred to as humin 

and is largely ignored [5, 9].In more recent years, Wang et al., in their quest for new 
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carbon-based anode materials for lithium storage, revealed that the ‘humin’ produced by 

hydrothermal dehydration of sucrose solutions are perfect spherical carbon rich particles 

[10]. It has since been reported that hydrothermal treatment of various carbohydrates in 

aqueous solution can result in the formation of these carbonaceous particles [11-18]. 

These particles appear to be perfect spheres and are often found in the size range of 

0.3-10 μm [11-13], and some have a distinctive granulated surface morphology [11]. 

 

It has further been shown that these carbonaceous spheres are partially carbonised [13], 

structurally disordered and composed of cross-linked furan rings, as supported by solid 

state 13C nuclear magnetic resonance (NMR) analysis [19]. Several hypotheses have 

been suggested in the literature to explain the mechanism of formation of these 

carbonaceous spheres. Some suggested that the carbonaceous spheres form via 

dehydration of saccharide molecules such as glucose, sucrose, starch, and cellulose, 

followed by aromatisation under hydrothermal conditions. The carbonaceous spheres 

produced are thus expected to have a highly aromatic nucleus and a hydrophilic shell 

[12-16]. Significant advancement on the understanding of the chemical formation route 

was made with a detailed study by Yao et al. [11], which provided experimental 

evidence to suggest that the formation of carbonaceous spheres from a fructose solution 

occurred by polymerisation of intermediate HMF compounds. Further study by Baccile 

et al. [19] confirmed that carbonaceous spheres derived from a range of carbohydrates 

are composed of furanic rings instead of in graphene-based structures, thus supporting 

the chemical route proposed by Yao et al. [11].  

 

We conducted detailed microscopy and spectroscopy studies to further elucidate the 

physical-chemical processes involved in the polycondensation of HMF to form 

carbonaceous spheres, using fructose as a model precursor material. Based on the 

experimental evidence obtained, we established that the formation of solid 

carbonaceous spheres from fructose solution is a continuous process of 

polycondensation of HMF monomers that leads to hydrophobic ripening of carbon-rich 
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molecular clusters from solution. 

2.2.2 Experimental procedures 

Fructose (Sigma-Aldrich) was used as the precursor for hydrothermal treatment. The 

fructose was dissolved in distilled water to form a 7.5 wt.% solution. A 100 ml 

Teflon-lined stainless steel autoclave was 80% filled with this solution. The autoclave 

was placed into a pre-heated oven and maintained at different temperatures between 423 

and 463 K for various periods of time up to 48 h. The carbon spheres formed were 

separated from the solution by centrifugation, washed several times in distilled water 

and ethanol, and finally dried at 333 K for 24 h. 

 

The morphology of the carbon spheres was characterised by scanning electron 

microscopy (SEM) using a Zeiss 1555 instrument and by transmission electron 

microscopy (TEM) using a JEOL 3000 instrument. The molecular structure of the 

carbon spheres was analysed by Fourier transform infrared (FTIR) spectroscopy using a 

Perkin-Elmer Spectrum GX FT-IR spectrometer with resolution of 4 cm-1. Samples for 

FTIR analysis were prepared by mixing the sample powder with KBr (Ajax Finechem 

Pty. Ltd.) and compacting into a disc. Elemental analysis (C, H, and O) was performed 

using a Carlo Erba 1106 analyser. 

 

For NMR analysis, 60 μl of D2O was added to 0.6 ml of the sample solution. 1H and 13C 

NMR spectra of sample solutions were recorded using a Bruker Avance 500 MHz (11.7 

T) spectrometer. 1H spectra were collected using a 30° flip angle and a 10 s relaxation 

delay. 13C spectra were acquired using inverse gated decoupling to minimise the nuclear 

Overhauser effect. 13C solid state cross-polarisation magic angle spinning spectra were 

recorded by a Verian 400 MHz spectrometer with 4 mm or 6 mm zirconia rotors 

spinning at 5 kHz. A recycle delay of 2 s and contact time of 2 ms were employed with 

SPINAC decoupling during acquisition. Typically, 1600 scans were acquired, and an 

exponential multiplication with a line broadening of 100 Hz was applied prior to Fourier 

transformation. 
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2.2.3 Results  

2.2.3.1 Morphology and microstructure of carbonaceous spheres 

Carbonaceous solids formed from fructose solutions during hydrothermal treatment are 

found in near perfect spherical shape, as seen in other studies.[10-15] Figure 1 shows 

SEM and TEM images of carbonaceous spheres formed (more images are shown in 

Figure S1 in the Supporting Information). The average size and the quantity of the 

carbonaceous spheres were observed to increase with increasing temperature and time 

of the hydrothermal treatment. Figure 1(a) shows a sample synthesised at 423 K for 9 h. 

The spheres are typically 100-500 nm in diameter, with granular surfaces. Figure 1(b) 

shows a TEM image of the same sample, revealing the same granular features.  

 

Figure 1(c) shows a sample treated at 453 K for 6 h. The sample contained two 

populations of spheres. The smaller ones are similar to those shown in Figure 1(a) and 

the larger ones have diameters in the range of 5-10μm. These large carbon spheres 

appeared to be smooth at low magnifications, but close examination at higher 

magnifications revealed that they also had grainy surfaces, as seen in Figure 1(d). 

Figure 1(e) shows a low magnification SEM image of the epoxy cross-section of a 

sample treated at 453 K. Figure 1(f) shows the details of the interior of a submicron 

small sphere identified by the red box in (e). It is evident that the interior of all spheres 

consisted of entirely nanosized grains. 
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Figure 1.SEM and TEM images of carbonaceous spheres, revealing the details of grainy 

surfaces and interiors. (a) and (b): carbon spheres produced at 423 K; (c) and (d): carbon 

spheres produced at 453 K; and (e) and (f): microtomed surfaces revealing the interior 

of the carbon spheres. 

 

TEM observation showed that residual fructose solutions after hydrothermal treatment 

contained a massive population of small nanoparticles. Figure 2 presents a TEM image 

of a solution sample after hydrothermal treatment at 423 K for 6 h. The nanosized 

particles in solution, hereafter referred to as the primary particles, are uniform and are 

typically ~5 nm in size.  
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Figure 2.TEM image of the primary nanoparticles in the residual fructose solution after 

hydrothermal treatment. 

 

2.2.3.2 Chemical structure of carbonaceous spheres 

As mentioned previously, Yao et al. conducted in-situ Raman and 13C NMR 

examination to verify the chemical processes involved in the early stages of 

hydrothermal treatment of a fructose solution and suggested that the carbonaceous 

spheres were formed from intermediate HMF compounds produced during the 

hydrothermal treatment of fructose solutions. In this study, both 1H and inverse gated 
13C spectra of fructose solutions were recorded to determine the proportions of the main 

chemical components in the solution. Ideally, 1H NMR measurement would give an 

accurate estimation of the relative proportions of the major components in the solution. 

However, quantitative measurement was not possible due to the overlap of the signals of 

the various fructose species in the solution. On the other hand, the wide chemical shift 

range of the 13C NMR spectrum (which was acquired with 1H coupling) allowed 

individual signals of all the carbons in the main species to be identified. A comparison 

of the 1H and 13C data provided a consistent trend of change for the main components 

this study is concerned with.
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Figure 3 shows solution 13C NMR spectra of 7.5 wt.% fructose solutions after 

hydrothermal treatment for different durations at 423 K. Several sets of main peaks 

were detected, which are indexed to the four main species in the solution: fructose, 

HMF, levulinic acid and formic acid. The chemical structures of the four species are 

schematically shown above the spectra, with the different carbons identified 

numerically in correspondence to the peaks in the spectra, following Yao et al. [11] and 

Baccile et al. [19]. The group of peaks identified in the dashed box corresponds to 

fructose.  
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Figure 3.13C solution NMR spectra of fructose solutions after hydrothermal treatment 

for different durations at 423 K. 

 

Figure 4 shows the evolution over time of the intensities of all the species identified in 

the solution from the 13C NMR measurements relative to the initial fructose intensity 

before the hydrothermal process. As the duration of hydrothermal treatment increased 

up to 12 h, fructose intensity decreased rapidly while the intensities of HMF, levulinic 
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and formic acids increased. This implies that fructose was unstable at this temperature 

and was converted to HMF and the acids. As treatment time was increased beyond 12 h, 

the intensity of fructose continued to decrease and those of levulinic and formic acids 

continued to increase, but that of HMF started to decrease. This stage corresponded to 

massive formation and growth of carbonaceous spheres, suggesting that HMF is the 

feedstock of the carbonaceous spheres. 
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Figure 4.Relative intensity of species produced by the decomposition of fructose as 

determined from 13C NMR spectra. 

 

Figure 5 shows a solid state 13C NMR spectrum of carbonaceous spheres synthesised at 

453 K. The peaks at 13.55, 30.09 and 38.60 ppm (indicated by the single arrows) are 

characteristic of sp3 carbon atoms, indicating the presence of aliphatic species in the 

sample [19]. The peaks at 111.87 and 151.38 ppm (indicated by the double arrows) are 

associated with O-C=CH- and O-C=CH- sites on the furanic ring, respectively [19, 20]. 

These peaks are attributed to the heterocyclic aromatic compound furan, indicating the 

presence of HMF aromatic rings [20]. The broad peak from 170-180 ppm (marked by *) 

is attributed to the C=O groups in ketones and aldehydes from HMF and embedded 

levulinic acid and formic acid [20].The peak at 200.75 ppm (marked by #) is a spinning 

side band. This spectrum demonstrates that the carbonaceous spheres are composed of 

cross-linked furan rings derived from HMF, rather than of graphene-type species or 
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saccharide molecular links as claimed in the literature [13, 14]. This evidence, together 

with those of the solution NMR analysis, further suggests that HMF rather than fructose 

is the feedstock for carbonaceous spheres. FTIR analysis also supports this observation. 

An FTIR spectrum of the carbonaceous spheres synthesised at 453 K is shown in Figure 

S2 in the Supporting Information. The vibrations at 1604, 1510 and 1395 cm-1 are the 

characteristic band stretches of the five-member heteroaromatic ring with double bonds 

[21]. The bands at 800- 700 cm-1 may be assigned to the strong hydrogen wag 

absorption of the five-membered ring with an unsubstituted CH = CH group [21]. These 

observations again support the conclusion that the carbonaceous spheres are derived 

from HMF, an intermediate compound formed from fructose via intramolecular water 

release. Elemental analysis of the solid carbon spheres showed that the spheres 

contained 65.7 wt.% C, 4.3 wt.% H and 30.0 wt.% O, corresponding to a molecular 

formula of C6H0.59(H2O)2.06. This corresponds to a loss of 0.94 H2O per molecular unit 

of HMF. 

HMF

*
#

-50050100150200250
δ ppm

 

Figure 5.Solid state 13C NMR spectrum of carbon spheres produced from fructose. The 

single arrows indicate aliphatic groups; double arrows in the dashed box indicate 

furanic rings; the * sign indicates C=O groups; and the # sign indicates spinning side 

bands. 
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2.2.4 Discussion 

2.2.4.1 Mechanism of carbon sphere formation 

The experimental observations presented above demonstrate that the carbon spheres 

formed from the hydrothermal treatment of fructose are made up of nanosized primary 

particles. Therefore, it is necessary to understand the mechanisms of formation of the 

primary nanoparticles and of the aggregation of the primary particles into micro-sized 

spheres. Figure 6 shows a schematic illustration of the mechanisms of formation of the 

primary particles from fructose and of the aggregation of these primary particles into 

carbonaceous spheres under hydrothermal conditions. This process involves three steps. 

In Step I, fructose converts to HMF via intramolecular dehydration by losing 3H2O as 

expressed in (I) in Figure 6. This process has been well documented in the 

literature[1-3]. The HMF molecule is hydrophilic and remains dissolved in the solution. 

The HMF monomer has six terminals that are potentially available for interaction, 

including one hydroxyl terminal and five hydrogen terminals. Figure S3 in the 

Supporting Information shows the Mulliken charge distribution of HMF calculated by 

Verevkin et al.[22] Based on this consideration, three of the six terminals are most 

active and are most likely to participate in direct reactions, including the OH terminal 

and two H terminals on the furanic ring. Among the three active functional groups, 

polycondensation reactions may occur to release H2O. 

 

In Step II, HMF monomers polycondense via these reactions to release one H2O per 

monomer, as schematically shown in (II). Repetition of these reactions leads to the 

polymerisation of HMF monomers into a 3D network structure. A number of possible 

reactions exist, such as the interconversion of tautomerisation and fragmentation (i.e., 

ring opening and C-C bond breaking). However, based on the results of Baccile et al. 

[19], the carbonaceous materials are mostly composed of furanic rings. This 3D 

cross-linked furanic structure was shown as schematically illustrated in (c).  

 

Such reactions remove the unique hydroxyl end of each of the HMF monomers. With 
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the continuous removal of the hydroxyl terminals and the growth in volume during this 

process, the molecular cluster gradually becomes hydrophobic, leading to the eventual 

precipitation of the embryonic molecular cluster out of the solution into solid form, 

producing the primary particles. In this regard, the formation of the primary particles is 

essentially a hydrophobic ripening event featuring a continuous polycondensation 

process rather than “nucleation”, which is a discrete event often driven by 

oversaturation of the feedstock in the solution. This is a fundamental deviation from the 

many conventional hypotheses proposed in the literature [11-17]. 

 

Step III involves the formation and growth of the micro-sized carbonaceous spheres 

primarily via the aggregation of the primary nanoparticles, as schematically illustrated 

in Figure 6. The primary particles have many reactive functional groups (hydroxyl from 

keto-enol tautomerism and carbonyl) on their outer surfaces. Such groups are active and 

the nanosized primary particles may aggregate into larger particles by interactions 

between these functional terminals. Naturally, spherical aggregates of the primary 

particles are produced in an isotropic environment. The driving force for this process is 

to minimise the surface free energy of the system as well as the changes in the reaction 

free energy. 
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Figure 6. Illustration of the chemical formation and growth of carbon spheres. Step I is 

the conversion of fructose (a) into HMF (b) via intramolecular dehydration. Step II is 

the polymerisation of HMF monomers into 3D molecular clusters (c) via intermolecular 

dehydration. The molecular clusters eventually precipitate out into primary 

nanoparticles (d) via hydrophobic ripening. (e) TEM evidence of primary particles in 

residual solution after hydrothermal treatment. Step III is the aggregation of the primary 

particles into micro-sized carbonaceous spheres through intermolecular dehydration. (f) 

An SEM image of a carbonaceous sphere formed of primary particles. 

 

2.2.4.2 Hydrophobic ripening 

This mechanism of hydrophobic ripening significantly deviates from conventional 
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thinking on these carbonaceous solids. According to the mechanism determined, here 

several distinctive features of the formation process and the product can be predicted as 

follows. 

(1) First, the sizes of the primary particles will be highly uniform, as hydrophobic 

ripening is purely dependent on the hydroxyl-to-mass ratio of the embryonic 

clusters. This is consistent with the observations for all samples synthesised at 

different temperatures and for different durations, as evident in Figure 2.  

(2) Second, the formation of the primary particles and their subsequent growth and 

aggregation are governed by the probability of collision and interaction between 

HMF monomers and thus are time dependent. Dehydration of fructose (to HMF) in 

an aqueous environment is considered to be governed by reaction thermodynamics 

and is expected to be reasonably fast once the thermodynamic condition is met. 

However, all experiments in the literature and in our own work have shown clear 

evidence that carbonaceous spheres take a significant length of time to develop. 

This ripening mechanism provides a clear explanation for the time dependence of 

the process.  

(3) Third, the size of the primary particles is much larger than the size expected for 

solid nucleation from liquid. The primary particles are typically 5 nm, and each 

particle can be estimated to contain over 500 HMF monomers. This size is much 

greater than the size expected for solid nucleation in solution based on surface and 

volume free energy considerations in accordance with classical nucleation theory.  

(4) In addition, the interior structure of the primary particles and the carbonaceous 

spheres is expected to be globally uniform, unlike the distinctive core-shell 

structure predicted in the literature [11-16]. 

 

2.2.4.3 Carbon sphere formation kinetics 

A considerable amount of work has been reported on saccharides treated under 

hydrothermal conditions. In most of these studies [13, 15], the formation kinetics of 

carbonaceous spheres have been described to follow a mechanism largely conforming to 
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the LaMer model, which involves an outburst nucleation and subsequent continuous 

growth by molecular attachment [23]. This model is schematically shown as the red 

curve in Figure 7. In this model, the thermodynamic driving force for nucleation and 

growth results from the oversaturation of the feedstock in the solution. In this case, 

nucleation occurs at CN and precipitate growth occurs at CG, where both of these 

concentrations are above the equilibrium solubility Co of the feedstock in the system. 

The experimental evidence presented above disagrees with the LaMer model in both 

nucleation and growth. 

 

As discussed above, the growth of carbonaceous embryos is associated with a 

progressive decrease in their hydrophilicity, resulting in the precipitation of insoluble 

primary nanoparticles. The criterion for solid particle nucleation in this case is the size, 

or degree of hydrophilicity, of the carbonaceous embryos rather than a critical feedstock 

concentration as required by the LaMer model. Second, the polymeric embryos are 

stable entities existing in solution, unlike the embryo fluctuation in the case of classical 

nucleation. In addition, these processes, including the production of HMF monomers, 

formation of polymeric embryos, and precipitation of solid primary particles, occur 

concurrently and continuously. In this process, there is no mechanism for a burst 

nucleation event as required by the LaMer model. 

 

The LaMer model requires oversaturation for nucleation and solid growth. In this work 

(and practically in all works published in the literature), carbonaceous spheres can be 

formed in solutions of very low precursor concentrations, often far below the solubility 

of HMF in aqueous solution. The mechanism proposed in this study permits 

carbonaceous spheres to form in solutions of practically any concentration, with the 

process taking longer times in low concentration solutions. This is consistent with 

experimental observations.  

 

In the case of this study, the net production of HMF from fructose is expected to 



 

 
CHAPTER 2  58 

increase continuously, possibly at a decreasing rate, as expressed by the dashed curve in 

Figure 7. The green curve is based on experimental data presented in Figure 4 of the 

actual concentration of HMF in the solution. The difference between the production and 

the actual concentration is clearly the consumption of HMF associated with the 

formation of the carbonaceous solids. The formation kinetics of the carbon spheres 

clearly do not conform to the LaMer model. 

 

[H
M

F]

time
 

Figure 7. Schematic illustration of the comparison between the LaMer model and the 

current study with respect to the evolution of feedstock concentration with time. CN is 

the critical concentration of nucleation; CG is the critical concentration for precipitate 

growth, and Co is the equilibrium solubility of the feedstock according to the LaMer 

model. The blue curve is the experimental observation in the current study.  

 

2.2.5 Conclusions 

This study investigated the structure and mechanism of formation of carbonaceous 

spheres derived from fructose under hydrothermal conditions. The results challenge the 

conventional understanding of both the chemical mechanism and the kinetics of 

formation, as summarised below.  
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Residual HMF 
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Growth
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CG 
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(1) The feedstock for the carbonaceous spheres formed during hydrothermal treatment 

of fructose solutions is HMF. The carbonaceous spheres formed consist of 

nanosized primary particles, apparently via aggregation. The carbonisation process 

involves four stages, including (i) conversion of fructose into HMF by partial 

dehydration, (ii) formation of a 3D network structure of HMF monomers by further 

release of water in the solution, (iii) precipitation of polymeric embryos into solid 

primary particles, and (iv) aggregation of the primary particles into large 

carbonaceous spheres (growth) via further polycondensation reactions.  

 

(2) The formation of solid primary particles is caused by the reduction of the 

hydrophilicity of partially dehydrated molecular clusters from HMF in a manner 

that can be described as hydrophobic ripening rather than as a discrete nucleation 

event. The formation, mechanism of growth, and kinetics of this process do not 

conform to the LaMer model, and differ significantly from views reported in the 

literature. Neither nucleation nor solid sphere growth is related to concentration of 

the feedstock (HMF) in the solution. A new nucleation and growth model is 

proposed here, termed the aggregation model. This model is able to explain all the 

major observed characteristics of both the carbonaceous spheres formed and their 

formation kinetics. 
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Supporting Information  

 

 

 

Figure S1. SEM images of carbonaceous spheres produced from 7.5 wt.% fructose 

solutions under various conditions: (a) 423 K for 6 h, (b) 443 K for 6 h, (c) 463 K 

for 6 h, (d) 423 K for 9 h, (e) 423 K for 15 hours and (f) 423 K for 18 h. 
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Figure S2. FT-IR spectrum of carbon spheres derived from fructose. 

 

 

 

Figure S3. Mulliken charge distribution in 5-hydroxymethylfurfural calculated by 

Verevkin et al. [21]. 
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2.3. A common hydrothermal route for carbonization of saccharides 

by hydrophobic precipitation 

Mu Zhang, Hong Yang*, Yinong Liu, Dongke Zhang and Lindsay Byrne 

to be submitted to ChemSusChem, June 2012 

 

 

Abstract 

We investigated the formation of carbonaceous spheres from the aqueous solutions of a 

variety of saccharides, including fructose, glucose, sucrose and starch by hydrothermal 

processing between 423 K and 463 K. The products obtained were analysed by 

elemental analysis, nuclear magnetic resonance, Fourier transform infrared spectrometry 

and electron microscopy. The experimental results show that the carbonaceous spheres 

produced from all of the saccharide precursors are chemically identical, suggesting that 

they are all formed from a common carbonization route. This common route involves 

four distinctive steps: (i) conversion of saccharide precursors to an intermediate 

compound of 5-hydroxymethylfurfural(HMF) by intramolecular dehydration, (ii) 

polymerization of HMF monomers into molecular clusters by intermolecular 

dehydration, (iii) precipitation of solid primary nanoparticles by hydrophobic ripening 

of the molecular clusters, and (iv) aggregation of the primary nanoparticles into large 

carbonaceous spheres. 

 
Keywords: biomass, carbohydrates, hydrothermal synthesis, nanomaterials 
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2.3.1 Introduction 

Significant research interest has been generated in recent years in an effort to convert 

saccharides into a unique form of carbon-rich solid product, namely the carbonaceous 

spheres.[1-9] This interest is mostly driven by the following three objectives: (i) to use 

the carbonaceous spheres as anode materials for lithium-ion batteries;[1,2] (ii) to use the 

carbonaceous spheres as a template, taking advantages of the specific surface 

functionalities possessed, to fabricate unique structures of functional materials, such as 

Ag, Pt, SnO2 and Ga2O3;[3,10-14] and (iii) to develop a feasible carbon-fixing process 

to sequestrate CO2 emissions from biomass.[15] In this regard, understanding the 

chemical and physical processes of carbonization and structures of carbonaceous 

spheres is of fundamental importance to enable these important technological 

developments. 

 

In a previous study, we reported an investigation of the formation mechanism of 

carbonaceous spheres from aqueous solution of fructose by hydrothermal 

processing.[16] Based on experimental evidence, we propose that the carbonaceous 

spheres are formed by the self-assembly of primary nanoparticles facilitated by surface 

functional groups instead of growth by molecular addition, as commonly assumed in the 

literature. The primary particles are formed by a mechanism of polymerisation through 

the intermolecular dehydration of HMF monomers in solution, which leads to the 

eventual hydrophobic ripening of the molecular clusters into solid nanoparticles which 

precipitate out of the solution. This mechanism requires the conversion of fructose to 

HMF by intramolecular dehydration under hydrothermal conditions. 

 

Glucose is an isomer of fructose and has the same molecular formula but with a 

different structure. This similarity raises the question regarding whether glucose 

carbonises under hydrothermal conditions by the same mechanism as observed for 

fructose. It has been reported in the literature that glucose carbonizes by a different 

route from that of fructose.[4] This clearly deserves further verification. Following the 
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same line of thought, sucrose, a di-saccharide, may also carbonise in the same way as 

fructose. Sucrose is composed of a β-D-fructoside and an α-D-glucoside. A glycosidic 

bond joins the two mono-saccharide molecules of fructose and glucose to create a 

sucrose molecule. When dissolved in water, sucrose hydrolyses into equal amounts of 

glucose and fructose, paving a possible pathway to carbonise like fructose and glucose. 

Starch is a polysaccharide consisting of chains of mono-saccharide units (glucose) 

joined by glycosidic bonds. There are clearly close intrinsic relations among these 

saccharide molecules.  

 

To explain the carbonisation behaviour of these saccharides, several hypotheses have 

been proposed in the literature. Wang et al., in their attempt to develop high 

performance carbon-based anodic materials for Li-ion battery technology, were the first 

to propose the mechanism of hydrothermal dehydration of sucrose to form 

carbonaceous spheres.[2] They suggested that sucrose molecules form spherical 

micelles and grow by the polymerisation of sucrose molecules. Li et al. studied the 

carbonisation of glucose and suggested that glucose molecules polymerise into 

oligo-saccharides. The solid carbon nucleates by the intermolecular dehydration of the 

oligo-saccharides when their concentration reaches a critical level in the solution.[3] 

The carbon particles grow by molecular addition of oligo-saccharide, eventually 

transforming into carbon spheres with aromatic cores and hydrophilic surfaces. Yao et 

al. identified HMF as the precursor for the formation of carbon spheres when using 

fructose as the starting material.[4] In the same work, they also suggested that the 

carbonization behaviour of glucose is different from that of fructose and that glucose 

molecules polymerise to form oligo-saccharides before transforming into carbon 

spheres,[4] as per the model described by Li et al. Sevilla et al. suggested that, in 

addition to glucose, sucrose and starch also follow the same pathway as suggested by Li 

et al. to form carbon spheres with hydrophobic cores and hydrophilic shells.[5] More 

recently, Titirici et al. used advanced NMR technique and proved that the main reactive 

species required to form carbonaceous spheres during the hydrothermal treatment of 
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hexose sugars from mono- to poly-saccharides was HMF.[7] A study by Baccile et 

al.[17] confirmed that carbonaceous spheres derived from a range of carbohydrates 

contained furanic rings, instead of graphene like structure. Although it has generally 

become accepted recently that HMF is the precursor species for the formation of carbon 

spheres, there remains a lack of understanding regarding whether different saccharides 

indeed form carbonaceous spheres in a hydrothermal environment by a common route. 

To explain the carbonization behaviors of these saccharides, several hypotheses have 

been suggested in the literature. Wang et al., in their attempt to develop high 

performance carbon-based anodic materials for Li-ion battery technology, was the first 

to propose the mechanism of hydrothermal dehydration of sucrose to form 

carbonaceous spheres.[2] They proposed that sucrose molecules form spherical micelles 

and grow by polymerization of sucrose molecules. Li et al. studied the carbonization of 

glucose and suggested that glucose molecules polymerize into oligosaccharides and 

then solid carbon nucleates when oligosaccharide concentration reaches a critical level 

by intermolecular dehydration of oligosaccharides.[3] The carbon particles grow by 

oligosaccharides molecular addition, eventually forming into carbon spheres with 

aromatic core and hydrophilic surface. Yao et al., based on nuclear magnetic resonance 

(NMR) evidence, identified HMF as the precursor for carbon spheres when using 

fructose as the starting material.[6] In the same work, they also suggested that 

carbonization behavior of glucose is different from fructose and that glucose molecules 

polymerize to form oligosaccharides before converting into carbon spheres [6], as per Li 

et al’s model. Sevilla et al. suggested that, in addition to glucose, sucrose and starch also 

take the same pathway as suggested by Li et al. to form carbon spheres with 

hydrophobic core and hydrophilic shell structure.[7] More recently, Titirici et al. used 

advanced NMR technique and proved that the main reactive species to form 

carbonaceous spheres during hydrothermal treatment of hexose sugars from mono- to 

poly-saccharides was HMF.[5] Further study by Baccile et al. [14] confirmed that 

carbonaceous spheres derived from a range of carbohydrates contained furanic rings, 

instead of graphene-based structures. Whereas it has generally become accepted 
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recently that HMF is the precursor species to form carbon spheres, there is yet lack of 

understanding whether different saccharides indeed form carbonaceous spheres in 

hydrothermal environment by similar route. 

In this paper, we report on a systematic comparative study of the carbonisation 

behaviour of four different saccharides, fructose and glucose as mono-saccharides, 

sucrose as a di-saccharide and starch as a poly-saccharide. Experimental evidence 

allows us to conclude that all four saccharide precursors share a common route of 

carbonization in aqueous solutions.  

 

2.3.2 Experimental procedures 

Fructose, glucose, sucrose and starch (Sigma-Aldrich) were used as precursor materials 

to produce carbonaceous spheres. Among the four, fructose and glucose are 

mono-saccharides, sucrose is a di-saccharide, and starch is a poly-saccharide. For 

hydrothermal treatment, each precursor was dissolved in distilled water to form a 

solution. The solution was filled in a 100ml capacity Teflon-lined stainless steel 

autoclave to 80% full. The autoclave was placed in a pre-heated oven and maintained at 

a given temperature between 423 K and 463 K. For starch, glucose and fructose 

7.5wt.% solutions were prepared and for sucrose 15wt.% solution was prepared. The 

solid contents formed after the hydrothermal treatment were isolated by centrifugation 

and was washed in distilled water and ethanol for several times, and finally dried in air 

at 353 K for 24 h. 

 

Morphology and microstructure of the carbonaceous spheres were characterized by 

scanning electron microscopy (SEM) using a Zeiss 1555 microscope and transmission 

electron microscopy (TEM) using a JEOL 3000F microscope. Samples for examination 

of interior structures were prepared by casting carbonaceous powder into epoxy resin 

and then slicing into 100nm slices using a microtome (Reichart-Jung Ultracut). 

Chemical structure of the carbonaceous spheres was characterized by Fourier transform 

infrared spectroscopy (FTIR) using a Perkin-Elmer Spectrum GX FT-IR spectrometer 
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with 4 cm-1resolution. FTIR samples were prepared by mixing the carbonaceous powder 

with KBr powder (Ajax Finechem Pty. Ltd.) and pressing into discs. Elemental analysis 

was performed using a Carlo Erba 1106 analyzer to determine the C, H and O contents 

of the carbonaceous spheres. 

 

Residual solutions after hydrothermal treatments were analyzed by 1H and 13C NMR 

spectroscopy using a Bruker Avance 500 MHz (11.7 T) spectrometer. For this analysis 

60μl of D2O was added to 0.6ml of the sample solution. Where a large amount of solid 

was present, the solution sample was taken from the supernatant liquid after allowing 

the sample to settle. 1H spectra were recorded using 30o flip angle and 10 s relaxation 

delay. 13C spectra were acquired using inverse gated decoupling to minimize the 

Nuclear Overhauser effect.13Ccross-polarization technique coupled to magic-angle 

spinning (CP-MAS) spectra were recorded with a Verian 400 MHz spectrometer with 

4mm or 6mm zirconia rotors spinning at 5kHz. Recycle delay of 2s and contact time of 

2ms were employed with SPINAL decoupling during acquisition. Typically 1600 scans 

were acquired and an exponential multiplication with a line broadening of 100 Hz was 

applied prior to Fourier transformation. 

 

2.3.3 Results  

2.3.3.1 Morphology and microstructure of carbonaceous spheres 

Figure 1 shows a collection of SEM micrographs of the typical morphologies of the 

carbonaceous spheres produced at 453K from the four saccharide precursors. Sample (a) 

was created from fructose at 453K for 6 h. Sample (b) was made from sucrose under the 

same conditions. These two samples showed very similar morphologies, with a 

bi-modal size distribution of the spheres. The average size of the large spheres was ~6 

μm, and that of the small spheres was~1 μm. Sample (c) was obtained from glucose 

under the same conditions. It showed a significantly lower level of carbonization 

compared to fructose and sucrose. The solid yield was much lower, and the particle size 

was much smaller, ~80 nm. The starch solution produced no solid yield after treatment 
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at 453K for 6 h. Sample (d) was created from glucose at 453K for 24h. The sample 

showed a comparable solid yield to that of fructose at 453K for 6 h, but the spheres 

were of much smaller size. Very few large spheres were observed, as shown in the 

micrograph. Sample (e) was made from starch at 453K for 24h. The sample showed 

mostly large spheres averaging ~8 μm in diameter. It was generally observed that the 

sizes of both the small and large carbonaceous spheres increased with increasing 

hydrothermal treatment temperature and duration (relevant evidence is shown in Figures 

S1-S4 in the Supporting Information). 

 

 

Figure 1. SEM micrographs of carbonaceous spheres in samples produced from 

saccharide solutions at 453 K: (a) fructose for 6h, (b) sucrose for 6h, (c) glucose for 6h; 

(d) glucose for 24h and (e) starch for 24 h. 
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The physical structures, both on the surface and in the interior, of the carbonaceous 

spheres were examined at close range. Figure 2 shows a collection of SEM images of 

four samples. The left column shows the surface morphologies of the spheres at high 

magnification. The middle column shows images of cross-sections of powder samples 

cast in epoxy at low magnification. The right column shows details of the cross-sections 

of the spheres at higher magnification. Each of the four rows is dedicated to one sample, 

with (a), (b), (c) and (d) corresponding to four samples made from fructose, glucose, 

sucrose and starch, respectively. As shown, all four samples exhibited similar exterior 

and interior characteristics, with a uniform granular microstructure. More evidence is 

provided in Figure S5 in the Supporting Information.  

 

 
Figure 2. SEM micrographs of the surfaces and interiors of carbonaceous sphere 

samples obtained from (a) fructose solution at 453 K for 6h, (b) glucose solution at 453 

K for 24h, (c) sucrose solution at 423 K for 6h, and (d) starch solution at 453 K for 24h.
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This evidence demonstrates that the carbonaceous spheres derived from the four 

saccharides have similar exterior and interior physical structures, suggesting that they 

are formed by the same formation process. This process was reported in our previous 

study.[16] The process involves four steps. The first step is the conversion of the 

saccharide molecules into HMF by intramolecular dehydration. The second step is the 

polymerization of HMF monomers in the solution, by intermolecular dehydration. Step 

3 involves the precipitation of solid primary nanoparticles by a mechanism of 

hydrophobic ripening of the polymerized molecular clusters, as a result of the 

continuous removal of hydroxyl functional groups form the outer surfaces of the 

clusters. Step 4 is the aggregation of the primary particles into micro-spheres. 

 

Figure 3 shows the existence of these primary particles in the residual solutions after the 

hydrothermal treatment of three precursor systems. Sample (a) was obtained from a 

fructose solution, sample (b) was obtained from a glucose solution, and sample (c) was 

obtained from a sucrose solution. The particles in the fructose and glucose solutions are 

shown to be similar in size (~5 nm), and the size distribution is very narrow. The 

primary particles observed in the sucrose sample are slightly larger, 10-30 nm in size 

with a wider size distribution range. 

 

(a)(a) (b)(b) (c)(c)

 

Figure 3.TEM micrographs showing primary nanoparticles in the residual solutions of 

(a) fructose, (b) glucose and (c) sucrose. 
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The above SEM and TEM observations suggest that the carbonaceous spheres from the 

saccharide precursors are likely formed by aggregation of smaller particles. Figure S5 in 

the Supporting Information provides further evidence of the morphology and structure 

of carbonaceous spheres. 

 

2.3.3.2 Chemical compositions of carbonaceous spheres 

The chemical compositions of the carbonaceous spheres were determined by elemental 

analysis. Table 1 summarises the results of the elemental analysis conducted on the 

carbonaceous samples obtained from the four saccharide precursors. It can be observed 

that all four samples had very similar chemical compositions, with ~66 wt.% C, ~30 

wt.% O and ~4 wt.% H. Such composition corresponds to C6H4.36O2.04, or 

C6H0.28(H2O)2.04. It is known that the conversion of the mono-saccharides (e.g., fructose 

and glucose) to HMF requires the loss of 3 H2O per molecular unit, with the equivalent 

of 3 H2O remaining in HMF. This result demonstrates that the formation of the 

carbonaceous spheres from HMF is associated with further dehydration, by nearly 1 

H2O. This is consistent with the formation mechanism proposed above, i.e., 

polymerization of HMF monomers by further intermolecular dehydration. 

 

Table 1 Chemical elemental analysis of carbonaceous spheres obtained from 

hydrothermal treatment of different saccharides 

Precursor C (wt.%) O (wt.%) H (wt.%) Molar ratio

Fructose 65.70 30.01 4.29 C6H4.71O2.06

Glucose 66.07 29.82 4.11 C6H4.48O2.03

Sucrose 61.91 33.51 4.58 C6H5.32O2.44

Starch 65.79 29.86 3.62 C6H3.96O2.04

 

Figure 4 shows FTIR spectra of our samples obtained from the four saccharides. The 

four samples show very similar spectra, suggesting that the samples share similar 

chemical structures. The broad band at approximately 3300 cm-1 is attributed to the O-H 
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stretching bond. The band at 2920 cm-1 indicates the existence of asymmetric C-H 

stretching bonds of aliphatic groups.[18] The peaks at 1604, 1510 and 1395 cm-1 

(indicated in the box) are the characteristic band stretches exhibited by a 5-member 

heteroaromatic ring with double bonds. The band at 1080 cm-1 can be assigned to both 

the asymmetric C-O-C stretch vibrations and to the C-C stretching motions of aliphatic 

groups.[19] Finally, the bands at 800~700 cm-1 may be assigned to the strong hydrogen 

wag absorption of the five-membered ring with a CH=CH group un-substituted.[18] The 

similarity in chemical structures of the carbonaceous spheres obtained from all four 

saccharide precursors suggests that the spheres are likely formed from the same 

intermediate compound during hydrothermal carbonisation.  
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Figure 4. FTIR spectra of carbonaceous spheres derived from fructose, glucose, sucrose 

and starch. 

 

Figure 5 shows solid-state 13C NMR spectra of the four samples. Much like they did 

with respect to the FTIR, the four samples showed very similar NMR spectra, 

presenting similar peaks at 13ppm, 28ppm, 36ppm, 112ppm, 151ppm, and 

170-180ppm.[17] The peaks at approximately112ppm and 151ppm in the box are 

indicative of the heteroaromatic furanic ring of HMF.[20] These similarities between 

the solid-state NMR and FTIR analyses, combined with SEM and TEM observation, 

suggest that all of the saccharide precursors carbonise from the same intermediate 

product HMF. 
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Figure 5. Solid state 13C NMR spectra of carbonaceous spheres produced from fructose, 

glucose, sucrose and starch. The arrows indicate aliphatic groups. The dash box 

indicates furanic rings. The sign indicates C=O groups. The sign indicates spinning 

side bands. 

 

2.3.3.3 Chemical routes of carbonization process 

Fructose with furanic structure is relatively easy to transform into HMF. Under 

hydrothermal conditions, fructose undergoes a dehydration process to form HMF and 

other acidic compounds. Glucose has a pyranose structure. It is more stable than the 

furan structure of fructose. Figure 6 shows the 13C NMR spectra of glucose-residue 

solutions after hydrothermal treatment at 453 K. Table 2 shows the identification of the 

peaks labelled with numerals. The peaks within the dashed box between 60 ppm and 

100 ppm are associated with glucose. Also included in the table are the NMR peak 

positions of fructose formed from sucrose, as presented in Figure 7. It is shown that 

glucose survived the entire duration of the hydrothermal treatment at 453 K. HMF was 

produced after 4.5 hours. After 12 h of hydrothermal treatment, levulinic acid and 

formic acid were formed. [17, 21, 22] The formation of HMF, levulinic acid and formic 

acid is identical to that observed for the fructose system.[16] 
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Figure 6. 13C NMR spectra of glucose residue solutions after hydrothermal treatment at 

453 K for different durations. 
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Table 2.Main chemical shifts in 13C NMR spectra of various species in saccharide 

solutions after hydrothermal treatment 

Substance Chemical Shift (ppm) 

HMF 56.64 (C1), 111.49 (C3), 127.43 (C4), 152.27 (C5), 161.92 (C2), 

180.93 (C6) 

Fructose 62.96, 63.31, 63.85, 64.51, 68.18, 69.79, 70.30, 75.04, 76.01, 81.18, 

98.62, 102.05 

Glucose 61.19, 61.34, 70.18, 70.24, 71.95, 72.11, 73.39, 74.78, 76.38, 76.44, 

92.65, 96.48 

Levulinic acid 177.93 (C7) 28.34 (C8), 38.24 (C9), 177.29 (C10), 29.59 (C11) 

Formic acid 166.44 (C12) 

 

Figure 7 shows the 13C NMR spectra of sucrose solutions after hydrothermal treatment 

at different temperatures for 6 h. The peaks in the dashed box are associated with 

fructose and glucose. It is evident that sucrose decomposed completely into fructose and 

glucose above 413 K. At this stage, no solid particles were producedin the solution. This 

observation indicates that sucrose does not directly producecarbonaceous spheres by 

polymerisation. On the other hand, it is clear that HMF, levulinic acid and formic acid 

are formed. 
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Figure 7. 13C NMR spectra of sucrose residue solutions after hydrothermal process at 

different temperatures. 

 

Figure 8 shows the 13C NMR spectra of starch-residue solutions after hydrothermal 

treatment for different durations at 453 K. The peaks inside the dashed box are 

associated with glucose. that the figure shows that the specises produced include HMF, 

levulinic acid and formic acid. These products are again the same asthose in both 

fructose and glucose systems. 
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Figure8. 13C NMR spectra of starch residue solutions after hydrothermal treatment at 

453 K for different durations. 

 

Figure 9 shows the evolutions of the various species during hydrothermal treatment, as 

determined from the solution NMR spectra presented above. Figure 9(a) shows the 

effect of time at 453 K on the glucose system. It is seen that the intensity of HMF 

increased at the expense of that of glucose. Figure 9(b) shows the effect of temperature 

on the sucrose system. The sucrose decomposed quickly into fructose and glucose. The 

intensities of fructose and glucose decreased while that of HMF increased with 

hydrothermal treatment time. The intensity of HMF eventually decreased when a large 

quantity of carbonaceous spheres were formed. Figure 9(c) shows the effect of time at 

453 K on the starch system. That figure shows that starch decomposed into starch 

oligomers first and was eventually converted to glucose and HMF completely.[23] 

Glucose, as in the case shown in (a), was converted to HMF at the same time. The 

fructose system, which has been reported elsewhere,[16] is shown in 9(d) for easy 
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reference and comparison. In this case, we can see a continuous decrease in fructose due 

to its consumption during the formation of HMF, and HMF increased and then 

decreased due to its conversion into carbonaceous spheres. 

4 6 8 10 12 14

R
el

at
iv

e 
In

te
ns

ity

Time (h)

(a)

glucose

HMF

413 423 433 443 453 463

R
el

at
iv

e 
In

te
ns

ity

Temperature (K)

(b)

glucose

HMF

fructose

 

5 10 15 20 25

R
el

at
iv

e 
In

te
ns

ity

Time (h)

glucose

HMF

starch oligomers

(c)

0 10 20 30 40 50

R
el

at
iv

e 
In

te
ns

ity

Time (h)

HMF

fructose

(d)

 
Figure9. Evolution of relative NMR intensities of various species during hydrothermal 

process: (a) effect of time on the relative NMR intensities for the glucose system. (b) 

effect of temperature on the relative NMR intensities for the sucrose system.(c) effect of 

time on the relative NMR intensities for the starch system. (d) Effect of time on the 

relative NMR intensities for the fructose system. 

 

2.3.4 Discussion 

As shown above, HMF formed in all of the four saccharides studied. It is identified as 

the precursor species for the formation of the carbonaceous spheres. During the 

hydrothermal treatment, the amount of HMF initially increases when the saccharide 

precursors are converted into HMF, and later decreases later with prolonged time and at 
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higher temperatures, when large quantities of carbonaceous spheres are formed. These 

trends are indicative of a common carbonisation route for all the four of the saccharides 

studied. Figure 10 shows an illustration of a common mechanism for the formation and 

growth of carbonaceous spheres for the four saccharides. This mechanism involves five 

steps: (i) conversion of saccharides to HMF; (ii) polycondensation of HMF monomers 

by intermolecular dehydration to form polymolecular clusters; (iii) formation of solid 

primary nanoparticles from the polymeric clusters by hydrophobic ripening; and (iv) 

aggregation of the primary particles into large spheres. 

 

However, not all saccharides are capable of direct conversion by intramolecular 

dehydration into HMF. To facilitate step (i), glucose, sucrose (di-saccharide) and starch 

(poly-saccharide) undergo some prior changes, denoted as step (0) in Figure 10. Under 

hydrothermal conditions, sucrose decomposes into fructose and glucose, as shown in 

Figure 9(b). Starch hydrolyses into glucose, as shown in Figure 9(c). Glucose, either as 

the original additive or freshly formed during the process from sucrose or starch, 

isomerises into fructose. Fructose then undergoes intramolecular dehydration to 

transform into HMF and a fragmentation process to produce various organic compounds 

in step (i). 
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Figure 10.Illustration of the chemical route for the formation and growth of 

carbonaceous spheres. Step (0): hydrolysis of starch and sucrose to corresponding 

mono-saccharide (fructose and glucose) and isomerisation of glucose into fructose. Step 

(i): intramolecular dehydration of fructose and glucose into HMF. Step (ii): 

intermolecular dehydration among HMF monomers to form molecular clusters in 

solution. Step (iii): precipitation of solid primary nanoparticles by hydrophobic ripening 

of the molecular clusters with the continued removal of hydroxyl functional groups. 

Step (iv): aggregation of the primary particles into carbonaceous spheres. 
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2.3.5 Conclusions 

This comparative study of the hydrothermal carbonisation of four different aqueous 

saccharide solutions, including fructose, glucose, sucrose and starch, revealed many 

similarities in their carbonisation behavior and the structure of the carbonaceous sphere 

products formed under hydrothermal conditions. Specific findings are given below. 

(1) The carbonaceous spheres formed from fructose, glucose, sucrose and starch all 

exhibit similar physical granular structure both on the surface and in the interior. In 

addition, massive numbers of nanosized solid carbonaceous particles of uniform 

sizes are found in the residual solutions of fructose, glucose and sucrose (except 

starch) after hydrothermal treatment. These observations support the notion that 

these carbonaceous spheres are formed by the aggregation of the primary 

nanoparticles. 

(2) Solution NMR analyses reveal that the solutions of all four saccharide precursors 

contain HMF after hydrothermal treatment, formed at the expenses of the precursor 

saccharides. FTIR and solid-state NMR analyses of the solid products show that the 

carbonaceous spheres from all four saccharide precursors contain five-membered 

heteroaromatic rings and there is no sign of the existence of six-membered aromatic 

rings. The evidence suggests that the carbonaceous spheres from the four 

saccharides have the same chemical structure, a structure based on cross-linked 

furanic rings, instead of grapheme-based structure. 

(3) Elemental analysis indicates that the carbonaceous spheres formed from all four 

saccharides have similar chemical compositions and that the final product can be 

expressed as C6H4.36O2.04. This observation is consistent with the expected 

composition of the carbonaceous spheres according to the formation mechanism 

proposed, in which mono-saccharide (e.g., fructose) reduces to HMF by losing 3 

H2O and HMF monomers polycondense by losing the equivalent of nearly 1 H2O to 

carbonise to the solid products. 

(4) Conforming to the mechanism proposed, different saccharides must be converted to 

HMF as a pre-step for carbonisation. It is suggested that starch hydrolyses into 
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glucose, sucrose hydrolyzes into glucose and fructose, and glucose isomerises into 

fructose under hydrothermal conditions. Fructose dehydrates into HMF. 
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Supporting Information  

 

 

Figure S1. SEM images of carbonaceous spheres produced from 7.5 wt.% fructose 

solutions for 6 h at various temperatures: (a) 423 K, (b) 433 K, (c) 443 K, (d) 453 K and 

(e) 463 K. The evidence indicates that the average particle sizes of both the small and 

large sphere populations increase with increasing hydrothermal treatment temperature. 

 

 
Figure S2. SEM images of carbonaceous spheres produced from 7.5 wt.% fructose 

solutions at 423 K: (a) 6 h, (b) 9 h, (c) 12 h and (d) 15 h. The evidence indicates that the 

average particle sizes of both the small and large sphere populations increase with 

increasing hydrothermal treatment duration. 
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Figure S3. SEM images of carbonaceous spheres produced from 15 wt.% sucrose 

solutions for 6 h at various temperatures: (a) 423 K, (b) 433 K, (c) 443 K, (d) 453 K and 

(e) 463 K. The evidence indicates that the average particle sizes of both the small and 

large sphere populations increase with increasing hydrothermal treatment temperature. 

 

 

Figure S4. SEM images of carbonaceous spheres produced from 7.5 wt.% glucose 

solutions at 453 K: (a) 6 h, (b) 15 h and (c) 24 h. The evidence indicates that the average 

particle sizes of both the small and large sphere populations increase with increasing 

hydrothermal treatment duration. 
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Figure S5. SEM images of carbonaceous spheres produced from 7.5 wt.% glucose 

solution at 453 K for 15 h, revealing the granulated surface structure. 
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Figure S6. XRD spectra of carbonaceous sphere samples synthesized using different 

saccharide precursors via hydrothermal treatment, revealing the amorphous nature of 

the carbonaceous spheres. 
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Abstract 

This paper reports on pyrolytic treatment of carbonaceous spheres produced by 

hydrothermal processing of saccharide precursors. These materials possess uniform 

porosity that is promising for lithium ion storage. The carbonaceous spheres produced 

by hydrothermal processing from glucose are disordered and contain 4.11 wt.% H and 

29.82 wt.% O. Characterization by means of x-ray diffraction, Fourier-transform 

infrared spectroscopy and solid state 13C nuclear magnetic resonance indicate that the 

final carbon materials are composed of disordered carbon bonds without aromatic 

hexagonal stacking structure. Pyrolytic treatment of the carbonaceous spheres under 

argon protection at 1273 K is found to remove most of the H and O contents in the 

forms of CO, CO2, H2O, and CH4 and some unidentified hydrocarbons. Gas absorption 

analyses using N2 and CO2 show that the carbon products after the heat treatment 

contain a high porosity in the < 1.5 nm size range. The heat-treated carbon spheres 

exhibit Li ion charge capacity of 450 mAh/g after 45 cycles at a current density of 100 

mA/g. 
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3.1. Introduction 

Lithium ion batteries are an important technology for a wide spectrum of applications, 

such as portable computers, mobile phones and heavy duty units for electrical vehicles. 

A critical technology for high-performance lithium ion batteries is the charge storage 

capacity of the electrodes. Carbon materials are currently used as anode materials for 

these batteries [1, 2].  

 

Carbon materials suitable for anode in batteries may be classified into two types: 

ordered graphitic carbon and disordered non-graphitic carbon. Graphitic carbon, due to 

the hexagonal atomic arrangement within its graphene basal planes, can accommodate 

one lithium ion by intercalation for every six carbon atoms, giving a theoretical charge 

storage capacity of 372 mAh/g. In comparison, disordered non-graphitic carbon 

materials have been shown to have moderately higher change storage capacities [1,3, 

9-12]. Wang et al. reported a charge storage capacity of 430 mAh/g after 10 cycles at a 

charge/discharge current density of 0.2 mA/cm2of a carbon sphere sample derived from 

sucrose by means of hydrothermal processing and heat treatment at 1273 K [6]. 

Non-graphitic carbon generally consists of carbon atoms arranged in planar hexagonal 

networks without long range order [13]. 

 

Carbon materials derived from saccharides by hydrothermal processing are generally 

regarded disordered non-graphitic carbon [6, 7, 12, 14-16]. Dahn et al. reported that 

non-graphitic carbon anode materials derived from sugar have nearly twice the lithium 

ion storage capacity (per unit mass) of graphitic carbons [10, 14]. Some studies have 

been conducted to understand lithium insertion into this type of carbon material. Dahn 

et al. proposed a “house of cards” model, which describes the structure of the disordered 

carbon as randomly stacked graphene-based nanoplatelets. The random stacking of the 

graphene platelets creates nanoscale porosity within the structure for lithium storage [1, 

10, 14-16]. Li et al. proposed a similar explanation for carbon materials obtained from 
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sugar solution by hydrothermal method and heat treatment at 1273 K [17]. This carbon 

contains 0.4-0.8 nm micropores. They suggested that lithium is stored in this carbon in 

two forms. The first is related to lithium insertion in between graphene planes and 

chemical reaction with H bonds on the edges of the planes. The second is ascribed to the 

filling of lithium ions in the micropores [17]. However, neither work has presented 

direct evidence of the graphene-based structure of the carbon materials, other than a 

broad XRD peak at 2θ=23o, which is tentatively indexed to (002) graphite. As 

supported by many studies, carbons formed from saccharides under hydrothermal 

conditions are hard and difficult to graphitize even at temperatures as high as 2773 K 

[18, 19], in clear contrast to the easily graphitized carbons formed from some organic 

polymers, such as anthracene [18]. It is generally considered that graphitization of 

disordered carbon takes two critical steps. The first step is the aromatization and the 

second is the removal of heteroatoms from the structure [20]. The removal of O and H 

as heteroatoms generates micropores within the structure, which hinders the 

graphitization of the remaining carbon atoms [19]. 

 

Recent studies by Titirici using 13C solid-state MAS NMR techniques to determine 

binding motifs suggest that these carbonaceous products are composed of furan rings 

cross-linked by domains containing short keto-aliphatic chains [21]. Our previous work 

[22] is in agreement with Titirici et al.’s results. These findings raise questions of the 

storage mechanisms of lithium in the carbon materials. The chemical structure of the 

carbon materials has direct implication to the understanding of lithiation mechanisms 

and materials design for anode application in batteries. In this work we applied 

pyrolytic treatment to the carbonaceous spheres derived from glucose under 

hydrothermal conditions to remove the excess H and O in the spheres with the aim to 

improve their lithium ion storage capacity. 
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3.2. Experimental procedures 

Glucose (Sigma-Aldrich) was used as a precursor material to produce carbon spheres by 

hydrothermal treatment. In the process, glucose was dissolved in distilled water to form 

a 7.5wt% solution. The solution was placed in a 100ml Teflon-lined stainless steel 

autoclave at 80% full and then placed in a pre-heated oven at 453K for 24 hours. After 

that the autoclave was cooled naturally outside the oven. The carbonaceous solid 

formed was isolated from the solution by centrifugation and decanting. The solid 

product was washed in distilled water and ethanol for several times, then heat treated 

under flowing argon atmosphere for 3 hours at different temperatures up to 1273K. 

 

The morphology of the solid product was characterized by means of scanning electron 

microscopy (SEM)using a Zeiss 1555 microscope and transmission electron microscopy 

(TEM)using a JEOL 3000F instrument. Molecular structure of the carbon product was 

studied by Fourier transform infrared (FTIR) spectroscopy using a Perkin-Elmer 

Spectrum GX FT-IR spectrometer with 4 cm-1 resolution. The FTIR samples were 

prepared by mixing appropriate amount of the sample powder with KBr (Ajax 

Finechem Pty. Ltd.) and pressing into a disc. A thermal gravimetric analyser (TGA, 

Q5000 of TA Instrument) coupled with a FTIR spectrometer (Nicolet 6700 of Thermo 

Scientific) was used to study the pyrolytic behavior of carbonaceous solids. Surface area 

of carbon spheres was measured by means of Brunauer-Emmett-Teller (BET) nitrogen 

adsorption measurements using a Micromeritics Gemini 2360 unit with partial pressure 

range from 0.05 to 0.998.Porosity of the carbon spheres was determined by N2 

adsorption isotherm based on Horvath-Kawazoe (HK) model with partial pressure range 

from 0.000001 to 0.99 and CO2 adsorption isotherm based on Density Functional 

Theory (DFT) model with partial pressure range from 0.0002 to 0.03using a 

Micromeritics ASAP 2020 surface area and porosity analyzer. Elemental analysis was 

performed using a Carlo Erba 1106 analyser to determine the C, H and O contents of the 

carbon spheres. 
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Solid state 13C nuclear magnetic resonance spectrometry analysis was conducted using a 

Verian 400 MHz spectrometer with either 4 mm or 6 mm zirconia rotor spinning at 5 

kHz frequency. A recycle delay of 2 s and contact time of 2 ms was employed with 

SPINAL decoupling during data acquisition. Typically 1600 scans were acquired and 

exponential multiplication with a line broadening of 100 Hz was applied prior to Fourier 

transformation. 

 

Battery performance of the samples was evaluated using CR2032 coin cells with lithium 

foil as the counter electrode. The electrolyte was 1M LiPF6 in a 1:1 (v/v) mixture of 

ethylene carbonate and dimethyl carbonate. Porous polypropylene (Celgard 2400) was 

used as a separator. The cells were assembled in an Ar-filled glove box. 

Charge/discharge test of the cells was carried out in galvanostatic method using a 

battery cycler (WBCS3000, Wonatech Co) and cyclic voltammetry test was carried out 

at a scan rate of 0.1 mVs−1. The electrodes were discharged and charged between 0.01 

and 1.5 V versus Li/Li+ at room temperature. Current density for charge–discharge was 

100 mAg−1. 

 

3.3. Results and Discussion 

3.3.1 Morphology and microstructure of the carbon spheres 

Figure 1 shows typical SEM images of carbon spheres obtained from the hydrothermal 

process (denoted CS-Hydro) and after the heat treatment (denoted CS-HT). Figure 1(a) 

is a CS-Hydro sample. The sample contained carbonaceous spheres in two discrete size 

populations. The large spheres have an average size of 4 μm and the small spheres, 

which are more interconnected, have an average size of 100 nm, as determined based on 

SEM image analysis using ImageJ (NIH freeware).Figure 1(b) shows the small spheres 

at a higher magnification. The spheres show a granular surface morphology (same for 

the large spheres at higher magnifications). These carbon spheres contain ~66wt% C 

and 30 wt% O and ~4 wt% H, as determined by elemental analysis. 
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Figurer 1(c) and (d) show the carbon spheres after pyrolytic treatment at 1173 K for 3 h 

under argon protection. The average size of the large spheres is 3μm. It is also seen in 

Figure 1(d) that the CS-HT exhibit extensive surface cracks, or gaps. Figures S1 and S2 

in the Supporting Information show SEM images of carbon spheres heat treated at 

different conditions. They all reveal the similar feature of surface cracks. 

 

5 µm
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5 µm5 µm
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100 nm

(b)

100 nm100 nm

(b)
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5 µm5 µm
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Figure 1. SEM micrographs of carbon spheres synthesized by hydrothermal treatment 

using glucose solution at 453 K for 24 h ((a) and (b)).SEM images of the carbon spheres 

afterheat treatment under argon protection at 1173 K and for 3 h ((c) and (d)). 

 

Figure 2 shows TEM images of two samples, with (a) being in CS-Hydro state and (b) 

in CS-HT state. It is seen that both samples show highly disordered homogeneous 

atomic structure with no sign of locally ordering. Figure S3 in the Supporting 

Information presents TEM images of other samples after heat treatment under different 

conditions. They all show homogeneously disordered structure. 
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Figure 3 shows XRD spectra of three samples, with (a) being in the CS-Hydro condition 

and (b) and (c) being after heat treatment at 773 K and 1273 K, respectively. It is seen 

that the three samples show similar structures, with one broad XRD peak centered at 

2θ=23°. The sample heated to 1273 K developed a low-intensity broad peak at ~44°. 

These observations confirm the amorphous nature of carbon spheres, and are consistent 

with previous studies on saccharide-derived carbons [6, 18]. Compared to carbons 

derived from other organic precursors such as anthracene, which has six-membered 

aromatic rings in its molecular structure, sucrose-derived carbons are much more 

difficult to graphitize due to their inherent furan ring-based molecular structures [18]. 

These carbons are generally considered hard non-graphitic carbons. 

 

(a)(a) (b)(b)

 
Figure 2. TEM images of the edge of a carbon sphere of (a) as-hydrothermal 

synthesized at 453 K for 24 h and (b) heat treated at 1173 K for 3 h under argon 

protection. 
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Figure 3. XRD patterns of carbon spheres derived from glucose by hydrothermal 

processing at 453 K for 24 h. Sample (a) is in as-formed state. Samples (b) and (c) 

have been heated in argon to 773 K and 1273 K for 3 h, respectively. 

 

3.3.2 Structure of carbon spheres 

3.3.2.1 Elemental analysis 

Figure 4 shows elemental analysis of the carbon spheres after heat treatment at various 

temperatures. The original sample synthesized by the hydrothermal process contained 

66.07 wt% C, 29.82 wt% O and 4.11wt% H, corresponding to C6H4.47O2.03. Heat 

treatment at above 773 K significantly reduced the oxygen and hydrogen contents. The 

residual composition of the sample heat treated at 773 K is C6H2.44O0.86, corresponding 

to a loss of H2.03O1.17. It is also evident that significant amount of oxygen (2.29 wt.%) 

remains within the sample even after heat treatment at 1273 K for 3 h. 

 



 

 
CHAPTER 3  97 

0

20

40

60

80

100

273 473 673 873 1073 1273

C
O
H

El
em

en
ta

l w
ei

gh
t p

er
ce

nt
ag

e 
(w

t%
)

Temperature (K)
 

Figure 4. Elemental analysis of carbon spheres heat treated at different temperatures. 

 

3.3.2.2 Thermal gravimetric and tailing gas analyses 

Figure 5 shows TGA measurements of three samples. The samples were heated at a rate 

of 20 K/min to the set temperatures and then held for 3 hours isothermally. The weight 

loss measurements are plotted in (a) vs. temperature and in (b) vs. time. It is seen that 

the samples showed an initial weight loss of ~ 2 wt.% up to 373 K, apparently due to 

moisture removal. A significant weight loss of ~50 wt.% occurred continuously upon 

heating to 1100 K. All three samples showed some further weight loss during 

isothermal dwelling at the set temperatures. The maximum weight loss was ~60 wt.% 

recorded in the sample heated to 1273 K and held for 3 h. 
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Figure 5. TGA measurements of weight loss upon heating of carbon spheres derived 

from glucose at 453 K for 24 h in hydrothermal environment. 

 

The effluent gas released during the TGA measurement was analysed by FTIR, and the 

results are shown in Figure 6. The main components in the effluent gases of the sample 

heated to 773 K (Figure 6(a)) are CO2, CO as well as moisture. Referring to Figure 5(a), 

it is known that this sample has a weight loss of ~48wt% at 773 K. Heating to 973 K 

and 1273 K, as seen in Figures 6(b) and (c), caused the release of CH4 in addition to 

CO2, CO and H2O. Some unidentified hydrocarbons were also detected. These two 

samples showed weight losses of 53 wt.% and 61 wt.%, respectively.  



 

 
CHAPTER 3  99 

As presented above, the carbonaceous spheres synthesized have chemical composition 

corresponding to C6H4.47O2.03. For the removal of only one of the species, the weight 

loss is computed and summarized in Table 1. The maximum total weight loss is 67 

wt.% when only CO and CH4 are involved.  

 

Table 1. Weight loss due to the removal of pure single species from C6H4.47O2.03 and 

Gibbs free energy of formation of each species at 973 K. 

 

Species CO CO2 H2O CH4 

Weight loss (%) 52 41 33 15 

ΔG973(kJ/mol) [23] -200.28 -395.88 -192.89 19.49 

 

At 973 and 1273 K, the weight loss is 53 wt% and 61 wt%, which is reasonable to 

involve CH4 plus CO, CO2 and H2O. In terms of Gibbs free energy of formation, the 

CO2 is the lowest which indicating CO2 comes out earlier than others. In contrast, CH4 

with highest value is much harder to be formed. There are large gap between CH4 and 

other three species according to the Gibbs free energy data. It is believed that the value 

of Gibbs free energy of CS-Hydro is somewhere between H2O and CH4 at 773 K and 

above value of CH4 at above 973 K. This is why there is no CH4 came out when the 

temperature is at 773 K. After temperature reaches above 973 K, the CH4 is coming out. 
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Figure 6. FTIR analysis of effluent gases released during TGA measurement 
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3.3.2.3 Chemical structure 

Figure 7 shows FTIR adsorption spectra off our carbon sphere samples, including one in 

the as-prepared condition after the hydrothermal treatment and three after heat treatment 

at different temperatures. It has been established [21] that the carbon spheres are 

composed of 5-membered heteroaromatic furanic rings. These rings are characterized 

by FTIR adsorption bands at 1611, 1510 and 1400 cm-1. The bands at 1637 and 

1611cm-1 can be attributed to C=C vibration in the furanic rings. Other bands at 1704 

cm-1, 1100 cm-1 and 700 cm-1 correspond to C=O, C-O and C-H, respectively. These 

groups are inherited from HMF molecules. 
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Figure 7. FTIR spectra of samples before and after heat treatment. The inset is an 

enlarged view of the section between 1000 cm-1 and 2000 cm-1. 

 

After the heat treatment, the absorption peak at 1704 cm-1 has diminished and eventually 

disappeared with increasing heat treatment temperature, indicating the removal of C=O 

functional groups conjugated to furanic rings. The C-O and some C-H groups have also 

been removed after heat treatment. The adsorption bands at ~1637 and ~1611 cm-1 (as 

shown in the inset in Figure 7) remain after heat treatment. These bands are commonly 
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attributed to C=C bonds in furanic rings. The C-O bond is seen to remain even after heat 

treatment at 1273 K, indicating that the O in the furanic ring is hard remove. These 

observations are consistent with TGA-FTIR and elemental analysis results presented 

above. 

 

Furthermore, the FTIR spectra of the samples after heat treatment show no adsorption 

bands at above the peak at 1637cm-1, implying the absence of the C=C in saturated six 

membered rings or noncyclic C=C bonds [24], which are expected at1646 cm-1. It is 

also clear that the two peaks at 1637 cm-1 and 1611 cm-1 become weaker with increasing 

the heat treatment temperature, indicating that some furanic rings in the carbon spheres 

are progressively destroyed with the partial removal of oxygen. The absence of an 

absorption peak at 1646 cm-1 implies that the carbon bonds remaining after the 

destruction of the furanic rings did not rearrangeinto6-membered aromatic rings or 

noncyclic C=C bonds, but more likely form into random C-C σ bonds. Elemental 

analysis indicates that after heat treatment at 773 K there is still significant amount of 

oxygen left, as shown in Figure 4. The FTIR result shown in Figure 7 also displays clear 

furanic ring vibrations even after heat treatment at 1273 K, demonstrating that the 

heteroaromatic rings are very difficult to be totally destroyed. 

 

Figure 8 shows solid state 13C NMR spectra of two samples before and after heat 

treatment at 1173 K for 3 hours. The as-prepared sample without heat treatment shows 

resonance peaks at 111 ppm and 151 ppm. These peaks are associated with O-C=CH- 

and O-C=CH- sites on the furanic rings, respectively [25]. After heat treatment, the 

NMR spectrum displays a very broad hump of low intensity at 100-200 ppm, 

demonstrating the lack of any structured units in the heat-treated carbon spheres.  
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Figure 8. Solid state 13C NMR spectra of carbon spheres before and after heat 

treatment at 1173 K for 3 hours. 

 

3.3.2.4 Porosity and specific surface areas 

Figurer 9 shows the N2 adsorption/desorption isotherm curves. It is clear that the 

isotherm curves are of Type I, indicating that the CS-HT contains microporosity. It is 

also evident that the N2 adsorption/desorption behavior is fully reversible, which is 

consistent with the narrow pore size distribution observed for this material. Figure 10 

shows the pore size distribution derived using the Density Functional Theory from (a) 

the N2 adsorption and (b) the CO2 adsorption for the sample heat treated at1173 K for 3 

hours. Both measurements clearly indicate that the heat-treated carbon spheres contain 

nanopores less than 1.5 nm. 
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Figure 9. The N2 adsorption/desorption isotherms of CS-HT 
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Figure 10. The pore size distribution derived from (a) the N2 adsorption isotherm and (b) 

the CO2 adsorption isotherm using the Density Functional Theory (DFT) model. 
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From the N2 adsorption measurement, the cumulative volume of pores between 1.7 - 

300 nm is calculated to be 0.02 cm3/g, whilst the volume for the nanopores of < 2 nm is 

estimated to be 0.23 cm3/g by the t-plot method. Clearly, the pyrolytic treatment has 

resulted in the formation of nanoporous carbon spheres. 

Specific surface areas of heat treated carbon samples are measured by BET method, and 

the results are shown in Figure 11. The BET surface area of the carbon spheres before 

heat treatment is determined to be 10.4 m2/g. The surface area increased significantly to 

~400 m2/g after heating to above 773 K for 3 h, and reached a maximum of 458.6 m2/g 

after heating to 1073 K. Further increasing heating temperature led to decrease of 

specific surface area. Heat treatment duration also showed influence on the specific 

surface areas, with an increase up to 12 h and then decrease with further increase of heat 

treatment time at 1173 K. The maximum surface area achieved is721.6 m2/g after heat 

treatment at 1173 K for 12 h. 

300

400

500

600

700

800

700 800 900 1000 1100 1200 1300

0 5 10 15 20 25

Sp
ec

ifi
c 

su
rfa

ce
 a

re
a 

(m
2 /g

)

Temperature (K)

Time (hour)

at 1173 K

for 3 hours

 
Figure 11. Effects of heat treatment temperature and time on BET specific surface 

area of carbon sphere samples at different temperatures for 3 h and at 1173 K for 

different durations. 
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3.3.3 Electrochemical test 

Figure 12 shows the charge-discharge capacity cycle performance of two carbon sphere 

samples. Sample (a) was in the as-prepared condition after hydrothermal processing. 

Sample (b) was heat treated at 1173 K for 3 h. Sample (a) showed very low charge 

capacity for lithium ion storage, at ~40 mAh/g. Sample (b) showed significantly 

increased capacity of lithium storage of 450 mAh/g (after 45 charge/discharge cycles). 

This is ~20% higher than the theoretical capacity of graphite (372 mAh/g). The high 

capacity is believed to be attributed to those nanopores. 

 

 

3.4. Conclusions 

This work investigated the effect of pyrolytic treatment on the structure and properties 

of hard carbon spherule materials produced by hydrothermal processing from glucose. 

The main findings are summarized as following: 
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Figure 12. Lithium ion charge-discharge curves of two carbonaceous sphere samples; 

(a) is in the as-prepared condition after hydrothermal treatment, (b) was heat treated at 

1173 K for 3 h. 
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(1) The carbonaceous spheres created by hydrothermal processing from glucose are 

disordered carbon containing cross-linked five-membered furanic rings. They 

contain 66.07 wt% C, 29.82 wt% O and 4.11 wt% H. 

(2) Pyrolytic treatment at elevated temperatures up to 1273 K in argon causes release of 

CO2, CO, H2O and CH4. The carbon spheres heat treated at 1273 K for 3 h 

contained 97.3 wt% C and 2.29 wt% O, corresponding to a loss of H2.03O1.17 

compared to the composition before heat treatment. FTIR and NMR analyses 

indicate that there are no detectable noncyclic C=C bonds or hexagonal grapheme 

like structure, implying that these carbon spheres contain random C-C bonds. 

(3) The heat treated carbon spheres contain nanopores of much enhanced volume 

fraction and BET surface area compared to the un-heat treated samples. The average 

size of the pores is 1 nm. The release of CO2, CO, H2O and CH4is believed to 

contribute to the formation of nanopores.  

(4) The heat treated carbon spheres showed significantly increased lithium ion storage 

capacity, with a reversible charge/discharge capacity of 450 mAh/g after 40 cycles. 

This is approximately 10 times of that of the original carbon spheres created by 

hydrothermal processing. This high storage capacity is attributed to the high volume 

fraction of nanopores of < 1.5nmcreated by the pyrolytic treatment. 
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Figure S1. SEM images of carbon spheres synthesized by hydrothermal method from 

glucose solution at 453 K for 24 h. The samples have been heat treated under argon 

protection at (a) 773 K, (b) 973 K, (c) 1173 K, and (d) 1273 K for 3 h. 
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Figure S2. SEM images of carbon spheres synthesized by hydrothermal method from 

glucose solution at 453 K for 24 h. The samples have been heat treated under argon 

protection at 1173 K for (a) 3 h, (b) 6 h, (c) 9 h, and (d) 12 h. 
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Figure S3. TEM images of carbon sphere samples after heat treatment at (a) 773 K for 3 

h, (b) 1173 K for 12h, and (c) 1273 K for 3h. 
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Chapter 4. Conclusions 
 

It has been more than 10 years since the hydrothermally synthesized carbonaceous 

spheres from saccharides were studied for the first time as an anode lithium storage 

material in 2001. Extensive research work has since been carried out on these 

carbonaceous materials during the last 10 years, resulting in an in-depth understanding 

of their formation processes, and their chemical and physical structures. 

 

This PhD study has made significant contribution to the understanding of the unique 

formation and growth process, and the physical microstructure of these carbonaceous 

spheres. The main conclusions of this study can be summarized as follows: 

 

(1) The initial dehydration of any saccharide, being fructose, glucose, sucrose or starch, 

under hydrothermal treatment would result in the formation of the intermediate 

compound of HMF. Carbonaceous spheres are formed from the HMF, regardless of 

which precursor saccharide used, and thus share a common formation process. 

 

(2) Carbonaceous spheres are formed by aggregation of nanoparticles. These primary 

nanoparticles are the first solid formed in the solution due to a progressive increase 

in hydrophobicity of HMF molecular clusters by further dehydration of HMF 

molecules. The existence of a large population of these primary particles was first 

observed and confirmed by our TEM studies. 

 

(3) Based on the experimental evidence, we are able to propose a new hydrophobic 

precipitation formation mechanism for the carbonaceous spheres. It involves 4 

distinctive steps: (i) conversion of saccharide to HMF by partial dehydration; (ii) 

formation of a 3D network structure of HMF monomers by further dehydration; (iii) 

precipitation of polymeric embryos into solid primary particles; and (iv) 
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aggregation of the primary particles into carbonaceous spheres by final 

condensation reactions. 

 

(4) The pyrolytic treatment of carbonaceous spheres has resulted in the formation a 

unique class of nanoporous carbon material. The carbon spheres possess a high 

BET specific surface area of >700 m2/g, a high pore volume, and uniformly 

distributed nanopores of < 1.5 nm. It is potentially a candidate as a supercapacitor 

and an anode material for lithium storage. 
 

 


