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General introduction  

As an allotrope of carbon consisting of a single layer of atoms arranged in a two-dimensional 

honeycomb lattice, graphene has generated intense interest thanks to its unprecedented physical 

properties. In the past decade, graphene has been studied in various application fields from 

energy storage to biotechnology. Some important application classes such as conductive 

coating, printed electronics, and composite fillers generally require large-scale and low-cost 

production of graphene in a processable form. For instance, several electrode materials applied 

in solar cell, batteries, and electrochemical capacitors can be prepared starting from large 

quantities of graphene dispersed in liquid media. Thus, liquid-phase exfoliation (LPE) becomes 

one of the most important techniques to produce graphene for next processing. 

LPE involves an exfoliation of atomic layers from its bulk form using ultrasonic treatment or 

high shear mixing in appropriate solvents. The choice of the solvent closely depends on the 

interaction between graphene and solvent, which should lead to exfoliated nanosheets at a 

relatively high concentration while maintaining the colloidal stability. In the literatures, 

interactions between graphene and solvent are reported to be dependent of their solubility 

parameters, in particular, the Hildebrand solubility parameters for non-polar solvents and the 

Hansen solubility parameters for polar solvents like pure water. A higher graphene 

concentration is obtained by choosing close solubility parameters between graphene and solvent. 

Based on this principle, appropriate solvents are strictly organic meaning commonly harmful 

to environment and difficult to be removed. Water is a more viable option, however, direct 

exfoliation of graphene in pure water is barely possible because of its highly symmetric 

structure leading to a hydrophobic behavior.  

To circumvent this issue, in this thesis, two main routes has been studied: i. LPE of raw graphite 

to produce pristine graphene aqueous dispersion with assistance of a polymer as stabilizer that 

interact noncovalently with graphene and prevent nanosheets’ stacking and ii. graphite 

oxidation followed by LPE to yield graphene oxide that contains oxygen-based functional 

groups along the basal plane and edges and can be dispersed in water at a high concentration. 

In addition, incorporating polymer, GO can produce a strong interaction with polymer 

molecules in solution to avoid undesired nanosheets’ agglomeration in next processing. 

Therefore, by using the obtained stable colloids, a series of GO/ polymer composites have been 

processed, which were studied in application as electrode materials of electrochemical capacitor. 
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In this thesis, Polyvinyl Alcohol (PVA) was used as a stabilizer thank to its low-cost, 

biocompatibility, transparency, flexibility, aqueous solubility, and ease of processing. All the 

specific contents mentioned above will be discussed through five chapters: 

Chapter 1 introduces a bibliographic investigation, highlighting the origin, production, 

properties, and applications of graphene. Through this review, we have compared the different 

production techniques of graphene, among which liquid-phase exfoliation is illustrated in detail 

due to its safety, low cost, and large scale-up potential. In addition, graphene-polymer system 

applied in electrode materials of electrochemical capacitor is also presented. Finally, several 

electrochemical characterization means are introduced. 

In chapter 2, we have gathered all specific experimental methods that we have carried out within 

this thesis, including preparation of samples, introduction of materials and equipment, 

characterization techniques, and electrochemical measurements. 

Chapter 3 mainly investigates PVA-assisted pristine graphene dispersion in water. Different 

concentrations of PVA solution are used to disperse pristine graphene, aiming to obtain the 

highest concentration of graphene stabilized with the lowest concentration of PVA. The 

corresponding mechanism of polymer-assisted graphene dispersing via physisorption will be 

studied carefully.  

In Chapter 4, since GO is typically defective, tailoring the oxygen content on graphene is a way 

to optimize graphene properties and dispersibility. Thus, graphite oxides with different 

oxidation degree are prepared. Because of hydrogen bonds forming, the effect of different 

oxidation degree on graphene dispersed in PVA/water solution will be discussed.  

In the last chapter, a case based on the use of GO/polymer mixture to realize sample processing 

is explored. By directly using the GO/PVA/water mixtures obtained in chapter 4, a series of 

PVA/GO hybrid aerogels with different PVA contents are fabricated using a freeze-drying 

method. The resultant hybrid aerogels applied as electrode materials of electrochemical 

capacitor will be investigated. 
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Chapter 1  

Introduction 

In this chapter, graphene as the most popular two-dimensional material will be introduced in 

the basic aspects including its origin, oxidation states, structure, properties and applications. 

Among conventional production techniques of graphene, liquid-phase exfoliation (LPE) 

strategies are very interesting and will be carefully illustrated. Moreover, two ways used to 

increase graphene dispersibility in aqueous solution, including exfoliation of raw graphite with 

assistance of polymer stabilizers and exfoliation of graphite oxide into graphene oxide, will be 

highlighted. Furthermore, mechanism of graphene dispersion in two-phase and three-phase 

systems will be discussed in detail. In addition, we will report fabrication ways of graphene/ 

polymer nanocomposites, and their application in electrochemical capacitor’s electrode 

material. In the end, three electrochemical characterization methods for electrochemical 

capacitor, including Cyclic Voltammetry (CV), Galvanostatic Charge/Discharge (GCD), and 

Electrochemical Impedance Spectroscopy (EIS), will be introduced.  

1.1 Introduction of Graphene  

1.1.1 From carbon to Graphene 

Carbon is widely dispersed in nature. The chemical element with C as symbol has a ground-

state electron configuration of 1s22s22p2, the four outer electrons are available to form covalent 

chemical bonds. There are different ways to bond two neighboring C atoms resulting in various 

allotropic forms, further resulting in different materials. Figure 1.1 shows the best-known 

allotropes: graphite and diamond.1  
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Figure 1.1 | Photograph of diamond and graphite, and their crystalline structures.2  

In graphite, unlike in diamond which has sp3 carbon bonding, the carbon bonding involves sp2 

hybridization, and atoms are arranged in a hexagonal pattern which is stretching to the layer 

structure. (see Figure 1.1) The three of four electrons around C atoms are bonded covalently, 

and the fourth freely migrates in the plane. Moreover, there are Van der Waals forces between 

layers that link them to each other. Because, graphite is anisotropic, it displays good electrical 

and thermal conductivity within the layers that become low perpendicularly to the layers.3 

Similarly, the strength and modulus within the layers are much higher than those in 

perpendicular due to the different types of bonds in this two directions.4 

Graphene is a monolayer of graphite. In 1947, a series of theoretical studies reported that an 

extraordinary electrical conductivity could be exhibited in isolated graphene layers.5 However, 

planar graphene always has been considered not to exist stably in the free state.6–8 In 2004, 

Andre Geim and co-workers firstly made the graphite sheets with a few atomic layers, including 

monolayer graphene by using the “scotch-tape” technique (repeated peeling of graphite using 

tape).9 It is a revolutionary discovery to trigger a series of new studies in the fields of chemistry, 

physics, biology and materials. As displayed in Figure 1.2, the number of publications on 

graphene has dramatically raised from 2000 to 2017.10 Andre Geim and Konstantin Novoselov 

were awarded the 2010 Nobel Prize in Physics for this discovery. 
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Figure 1.2 | Publications on Graphene from 2000 to 2017. (Source: ISI web of science by 

searching the topic of Graphene)10 

Based on the atomic structure features, graphene is considered as a two-dimension (2D) 

material for the build of zero- dimension (0D) fullerenes, one-dimension (1D) nanotubes and 

three-dimension (3D) graphite. 11 (see Figure 1.3) To be specific, firstly, Fullerene is obtained 

by bending a part of graphene into a football shape. It is composed of 60 carbon atoms 

connected by 20 six-membered rings and 12 five-membered rings. It has 30 carbon-carbon 

double bonds (C=C). Secondly Carbon Nanotube can be regarded as a part of graphene sheet 

curled, and both ends are sealed by half of fullerene. In addition to the sp2 hybridization, the 

carbon atoms in the carbon nanotubes are partially sp3 hybridized, so that they can present a 

curved tubular structure. Finally, as described before, Graphite is made up of multiple layers of 

graphene, and it has a looser structure between layers. 
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Figure 1.3 | Based on the atomic structure features, graphene is considered as a 2D material 

for the build of 0D fullerenes, 1D nanotubes and 3D graphite.11 

1.1.2 Graphene-based nanosheets  

Graphene oxide (GO) is a monolayer of graphite oxide that corresponds to a chemical 

functionalization of graphite. About 150 years ago, graphite oxide was prepared by Brodie, 12,13 

then derived methods were proposed by Staudenmaier 13,14 and Hummers 15. In their methods, 

KMnO4, KClO, and NaNO2 as strong oxidants were used to oxidize graphite in HNO3 or HNO3 

and H2SO4 mixture. So far, modified Hummers methods are widely used to prepare graphite 

oxide. 16–18 For instance, KMnO4 is used as oxidant agent in H2SO4:H3PO4 mixture with a ratio 

of 9:1. Unlike pristine graphite, that is difficult to transform into few- or single-layer graphene, 

graphite oxide with active functional site can be easily exfoliated to GO and has better 

solubilities in organic solvent or water. 11 Those functional groups including epoxide groups, 

carbonyl, hydroxyl, and phenol groups are exposed on the surface and the edges of GO, 

inducing more sp3 hybridization on it. 19,20 This loss of sp2 configuration of the intrinsic 
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graphene changes its physical and chemical properties. 21 For example, GO has a low electrical 

conductivity, even becomes an insulator. 22  

By using thermal or chemical reduction of GO, the structure of pristine graphene and its unique 

properties can be recovered partially. 20,23,24 Thereby, the reduced graphene oxide (rGO) is an 

intermediate product between ideal graphene and completely oxidized GO. The structures of 

the graphene-based nanosheets (GNS) involving pristine graphene, graphene oxide and reduced 

graphene oxide are shown Figure 1.4. 

 

Figure 1.4 | Structure of (A) graphene, 25 (B) graphene oxide (GO) 26 and (C) reduced 

graphene oxide (rGO) 20,27 

1.1.3 Properties of Graphene-based nanosheets 

The honeycomb crystal graphene as a one-atom-thick planar layer composed of sp2 bonded 

carbon atoms, presents an unique combination of properties not seen in other carbon allotropes. 

28,29 Graphene is the thinnest and strongest materials, actually, the free-standing monolayer 

graphene exhibits a Young’s modulus of 1.0 TPa and a fracture strength of 130 GPa, measured 

by nanoindentation using Atomic Force Microscope (AFM). 30  

Graphene possesses extraordinary performances because of its high charge carrier mobility (). 

The conductivity of a suspended-graphene (SG) with a single layer has a value of  > 2.30 ×105 

cm2 V-1 s-1, which exceed that of other materials. 31 Furthermore, ultraclean suspended graphene 

with single layer has an ultrahigh value of  up to 3.8 ×105 cm2 V-1 s-1.32 (see Figure 1.5)  
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Figure 1.5 | Charge carrier mobility () of the current-cleaned SG with sample as a function 

of the gate voltage. The dashed black line is a high value of  of a conventional SG. The 

symbol lines represent the charge carrier mobility of the current-cleaned SG. Insight image 

is the side view of device schematic representation for the SG. 32 

Graphene also displays a high thermal conductivity ().  = ~ 6000 Wm-1K-1 for a monolayer 

graphene at room temperature (RT) was computationally predicted, 33 and  = ~ 5300 Wm-1K-

1 of a suspended monolayer graphene at RT was experimentally measured. 34  

Besides, graphene presents other great properties, such as a high surface area (~2630 m2 g-1) 35 

and a good optical absorption of  = ~2.3%. 36 Moreover it is impermeable to standard gases. 

37  

It should be noticed that some of these extraordinary properties of graphene are only achieved 

for the high-quality and few-layer samples prepared by mechanical exfoliation or measured 

after very elaborate handling. For example, graphene’s electrical properties extremely depend 

on the number of graphene layers, thereby, the graphene families are distinguished into 

monolayer graphene and bilayer or few-layer graphene. Graphene with more than 10 layers 

exhibit the electrical properties of graphite. 38 
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Graphite oxide is obtained by chemical oxidation of graphite, the introduction of oxygen-based 

functional groups on the graphene surface not only allows to expand the layers, but also permits 

to render it more hydrophilic and easily exfoliable into single layer or few-layer graphene oxide 

(GO) by using some polar solvents such as an aqueous solution. 17 In addition, GO has excellent 

design flexibility. The oxygen-based groups on GO nanosheets can be active sites to react with 

various functional groups to produce linkages or to form strong molecular interactions like 

hydrogen bonds with some polymers. 39–41 The functionalization of GO can change its 

properties, and consequently its application fields. For instance, GO can be applied to remove 

radioactive ions from water for disposal. 42 The rGO can also be functionalized by a chemical 

way, which also open new routes for incorporation of layer materials in other matrices to extend 

their applications. 

1.1.4 Applications of Graphene-based nanosheets 

As described in the last section, Graphene-based nanosheets possess remarkable properties that 

can provide infinite possibilities in various application fields such as energy storage, 

conductivity materials, catalytic reactions, biotechnology and etc. 43 Specifically, they can be 

extensively applied as electroactive materials in electrochemical capacitors’ electrodes thanks 

to their large surface-to-volume ratio and the high content of oxygen-containing functional 

groups. 44–46 Graphene-based nanosheets are also good candidate to develop different sensors. 

47 For instance, GO-based biological sensors can be used to detect tumorous cells through 

attaching to the surface molecules containing antibodies. 48 In addition, thanks to its layered 

structure, Graphene-based nanosheets display impermeability and can be used for protective 

coatings production. 49,50 When Graphene is directly grown on metal, it can act as a passive 

layer with excellent corrosion resistance. Furthermore, used as fillers charge into polymer 

matrix, GO or rGO can enhance the anti-corrosion properties of the resulting polymer coating. 

51–54 Besides, being conductive and transparent, Graphene-based nanosheets could replace 

indium-based electrodes used in touchscreens. 55 Figure 1.6 shows more examples of potential 

applications of Graphene-based nanosheets. 55,56 
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Figure 1.6 | Applications of Graphene-based nanosheets in different fields 55 

1.2 Production techniques of graphene 

Nowadays, a lot of production techniques of graphene have been developed. In general, they 

are classified into two major classes: i.e. bottom-up and top-down processes. Concerning 

bottom-up approaches, the 2D network of graphene is built by forming covalent bonds from 

chemical reactions of molecules. 57–59 This method, like Chemical Vapor Deposition (CVD) 

and epitaxial growth, can yield graphene with high quality and large area. However, its 

disadvantages, small-scale production and high cost, are nonnegligible. 60–66 For the way of top-

down routes, graphene is produced by exfoliating raw graphite, which can be accomplished 

under different environmental conditions, such as mechanical cleavage and liquid-phase 

exfoliation (LPE). 67,68 Graphene produced by this way has limited size and area, but this is a 

promising way to realize industrial production at lower cost. 

1.2.1 Bottom-up method 

CVD and epitaxial growth are both main methods for bottom-up fabrication of graphene. 

During the CVD process, gas species are fed into the reactor and pass through the hot zone, 
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where hydrocarbon precursors decompose to carbon radicals at the metal substrate surface and 

then form single-layer or few-layer graphene. In that case, the metal substrate not only work as 

a catalyst to lower the energy barrier of the reaction, but also determines the graphene 

deposition mechanism, which ultimately affects the quality of graphene. 60 Ni and Cu are the 

two most commonly used metal substrates for graphene CVD. Figure 1.7 displays examples of 

graphene grown from Ni and Cu substrate respectively. 

 

Figure 1.7 | Optical images of graphene transferred from Ni surface to (a) SiO2/Si substrate 

and (b) PDMS substrates. Photographs of transferring as-prepared graphene from Cu 

surface onto (c) Si/SiO2 substrate and (d) a glass plate 60,61 

The extensive research for epitaxial graphene has focused on growth graphene on SiC substrate 

(6H and 4H types), and most graphene growth occurred on its hexagonal polytypes. 69–72. 

Specifically, graphene is grown on 0001 face (Si-terminated) and 0001̅ face (C-terminated) of 

4H- and 6H-SiC by annealing at high temperature and in ultrahigh vacuum (UHV) environment. 

73 During the annealing process, Si leaves the SiC, letting C behind on the top of the surface to 

form graphene. Figure 1.8 shows the epitaxial graphene that is grown on SiC at high 
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temperature (2000 oC) sublimation at 1 atm in Ar environment. The as-prepared graphene 

possesses a large area of 20×20 mm2 with a control of monolayers number and spatial 

uniformity. 74,75 

 

Figure 1.8 | Graphene layers grown in (a) vacuum; (b) Ar 75 

1.2.2 Top-down method 

As mentioned above, within the top-down concept, graphene is produced by exfoliating raw 

graphite. To overcome the Van der Waals forces in graphite (~61 m eV per carbon atom), it is 

required an energy input of over 2 eV nm -2 of graphene surface (~38 carbon atoms per nm2) 

for exfoliation. 76 In general, there are two types of force that can be applied: i.e. normal force 

and lateral force. For example, the micromechanical cleavage using Scotch tape utilizes the 

normal force to peel graphene from graphite, 9,77 whereas ball milling strategy to exfoliate 

graphene is achieved by mainly generating shear force. 78 Besides, the fragmentation effect, 

another auxiliary way, is produced because the bulk graphite or graphene nanosheet can be 

fragmented into smaller crystals during the exfoliation. Figure 1.9 illustrates those mechanics 

ways as well the Scotch-tape based micromechanical cleavage and ball milling process. 78  
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Figure 1.9 | (a) Two ways to overcome the Van der Waals force between graphite layers 

and the auxiliary effect of fragmentation. Illustration of the exfoliation by (b) Scotch-tape 

based micromechanical cleavage of highly ordered pyrolytic graphite and (c) ball milling 

of graphite. 78 

1.3 Liquid-phase exfoliation of graphene dispersing in aqueous 

media 

Within the top-down method, alongside the Scotch-tape based micromechanical cleavage and 

ball milling strategies, liquid-phase exfoliation (LPE) is the most promising technique to yield 

graphene on industrial scalability. The resultant nanosheets dispersed in a liquid medium can 

be further manipulated via various processes, like blending, mixing, casting, spin-coating, 

impregnation or functionalization for many applications. 76,79,80 During LPE process, 

ultrasonication is widely used. The ultrasonic waves produce cavitation bubbles in the solvent, 

these bubbles collapse with pressure increasing to generate high energy micro-jets and shock 

waves which can exert compressive stress to bulk graphite inducing exfoliation. 78,81 Special 

mechanism have been demonstrated as: i) micro-jets can wedge into the interlayer spacing of 
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graphite and induce exfoliation; ii) unbalanced compressive stress in two adjacent graphene 

layers leads to a shear-induced exfoliation. (see Figure 1.10) 

 

Figure 1.10 | Schematic illustration for exfoliation mechanism via sonication 

Graphite can be easily exfoliated into single-layer and few-layer graphene by LPE and 

dispersed in a range of organic solvents with a high boiling point, such as N-methyl-pyrrolidone 

(NMP) and N, N-dimethylformamide (DMF). 82 Unfortunately, those solvents pose difficulties 

to be removed for the next step and their toxicity is harmful to environment. Water is ideal 

solvent for LPE due to its low-boiling point, low cost, abundance, safety, and environmental 

protection. However, the symmetrical structure of pristine graphite or graphene is hydrophobic, 

they can be hardly exfoliated and dispersed in water. To circumvent this issue, there are two 

main routes: i) direct exfoliation of graphite in water with assistance of surfactant or polymer 

stabilizers to achieve graphene aqueous dispersion; ii) oxidation of graphite to produce graphite 

oxide before its exfoliation in water. 83–87 The main advantage of the first method is to keep the 

graphene’s electrical conductivity, and that of the second is to obtain a higher concentration of 

GO in the final dispersion solution, actually the oxidized graphene can be well-dispersed into 
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polymer matrix to form nanocomposites. 13,88,89 Table 1.1 compared the different routes to 

prepare colloidal dispersions of pristine graphene sheets. 

Table 1.1 Comparison of different routes to prepare colloidal dispersions  

of pristine graphene sheets 

Starting materials Exfoliation condition yield ref 

Organic solvent 

Graphite powder (0.1 mg mL-1) + NMP Bath sonication, 30 min CF: 500 

rpm, 90 min 

0.01 mg mL-1 82 

Graphite flakes (50 mg) + organic solvent 

(10 mL) + NaOH flakes 

Bath sonication, 1.5 h CF: 3000 rpm, 

60 min 

0.05–0.07 mg mL-1 90 

Graphite fine powder (5 mg) + particular 

aromatic solvents (1 mL) 

Ultrasound bath, 135 W, 1 h left for 

5 days 

0.05–1 mg mL-1 84 

Graphite powder (3.3 mg mL-1) + IPA or 

chloroform or acetone 

Bath sonication, 16 W, 48 h 

CF: 500–5000 rpm, 45 min 

0.01–0.5 mg mL-1 91 

Graphite flakes (0.3 g) + NMP (50 mL) Sonication, 12 h, thermal treatment, 

400–800 oC sonication, another 3 h 

CF: 2000–8000 rpm 

0.05–1 mg mL-1 92 

Natural graphite powder (10 mg mL-1) + 

organic salt (20 mg mL-1) + organic 

solvent 

Bath sonication, 100 W, 2 h CF: 

3000 rpm 

0.1–1 mg mL-1 93 

Aqueous 

Graphite (0.1–14 mg mL-1) + SDBS (5–10 

mg mL-1) + water (25 mL) 

Low power sonic bath, 30 min CF: 

500 rpm, 90 min 

0.002–0.05 mg mL-1 94 

Natural graphite powder (100 mg mL_1) + 

Pluronic P-123 (0.5–1 wt%) or other 

surfactant 

Bath sonication, 2–5 h CF: 5000g, 5 

min 

0.9–1.5 mg mL-1 95 

Graphite fine powder (250 mg) + 

deionized water (50 mL) + PVP (1 g) 

Bath sonication, 135 W, 9 h CF: 

1500 rpm, 30 min 

0.1 mg mL-1 85 

Graphite powder (0.1 mg mL-1) + Py-NH2 

or Py-SO3 (0.4 mg mL-1) + deionized 

water 

Bath sonication, 130 W, 0 oC, 1 h 

CF: 4000 rpm, 20 min 

— 96 

Graphite (5 mg mL-1) + NaC (0.1 mg mL-1) 

+ water (400 mL) 

Bath sonication, 80 W, 430 h CF: 

500–5000 rpm, 30–90 min 

0.05–0.3 mg mL-1 97 

Expandable graphite (2 mg) + RB (0.5 mg) 

+ 10% DMA aqueous solution 

Bath sonication, 250 W, 6–10 h CF: 

500–9000 rpm, 20–30 min 

12 wt% 98 

Graphite powder (100 mg) + PCA (16.5 

mg) + methanol (50 mL) + distilled water 

(200 mL) 

Bath sonication, 45 min + 1 day 

settle overnight 

1 wt% 99 

 



20 
© [Y. Huo], [2021], Ecole Centrale de Lyon, tous droits réservés 

1.3.1 Exfoliation of graphite in water with assistance of polymer stabilizers  

The pristine graphite can be exfoliated and dispersed into poor solvents using noncovalent 

surfactants, small ions/ molecules, or polymers as stabilizers. 79,94,100,101 The polymer-assisted 

method is of interest for polymer matrix composites formation. 

Polyvinylpyrrolidone (PVP) is a harmless, inexpensive and biocompatible polymer, which is 

considered as an efficient polymer stabilizer for graphene dispersion in a variety of solvents. 

For instance, in 2009, Bourlinos et al. exfoliated crystalline graphite to graphene in aqueous 

solution via the assistance of PVP. 85 Furthermore, authors proposed that the polymer-assisted 

liquid phase exfoliation approach can be extended to other water-soluble biomacromolecules, 

including certain proteins and cellulose derivatives. Figure 1.11 A shows a digital photograph 

of graphene-dispersed aqueous solution with the presence of albumin and a TEM image of the 

folded graphene and an albumin. Based on this work, Green et al. proposed an effective 

technique for dispersing graphene in a series of solvents with assistance of polymer. 102 Figure 

1.11 B demonstrated that PVP-stabilized graphene aqueous solution is processed by freeze-

drying to obtain the PVP/graphene powders that can be re-dispersed in water without any 

sonication. Finally, high-concentration graphene dispersions up to 0.7 mg mL-1 are achieved.  

 

Figure 1.11 | (A) (a) Photograph of graphene-dispersed aqueous solution with the presence 

of albumin. (b) TEM image of the folded graphene and an albumin. 85 (B) Digital 

photographs of (a) freeze-dried PVP stabilized graphene and (b) re-dispersed PVP 

stabilized graphene in water. 102 

Besides, cellulose nanocrystals (CNC) are also efficient stabilizers to produce graphene layers 

in aqueous dispersions.87 Actually, a stable high-concentration of graphene aqueous dispersion 
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(>1 mg/mL) containing monolayer and few-layer nanosheets is prepared by direct exfoliation 

of graphite using 2 mg/mL of CNC as stabilizer. By using a lower CNC concentration of 0.2 

mg/mL, the as-obtained mixture has a remarkably high graphene/CNC ratio up to 3.8. 

1.3.2 Liquid-phase exfoliation of graphite oxide to graphene oxide in water 

As remind, oxidation treatment of graphite renders it electrically insulating but leads to a great 

aqueous dispersion mostly composed of single-layer sheets, which are referred to graphene 

oxide (GO) sheets. 22,39,103–105 The graphene basal planes are mainly decorated with epoxide and 

hydroxyl groups, but also with some carboxyl and carbonyl groups that grown at the edges, 

which renders GO hydrophilic. 22 By leading a study on the surface charge (zeta potential) of 

as-prepared GO sheets dispersed in water, it is found that the GO sheets are highly negatively 

charged. Therefore, the formation of stable GO dispersions is more attributed to electrostatic 

repulsion, rather than just the hydrophilicity feature of GO. 106 (see Figure 1.12) 

 

Figure 1.12 | Scheme of graphene dispersion process. (1) Oxidation of pristine graphite to 

graphite oxide; (2) Exfoliation of graphite oxide in aqueous solution to produce GO 

dispersion which is stabilized by electrostatic repulsion; (3) Hydrazine reduction of GO 

dispersion to rGO dispersion. 106 

On the other hand, the heterogeneous oxidation level at GO edge and GO surface suggests that 

GO dispersibility should be size-dependent. 105,107 A higher edge/area ratio of smaller GO sheets 

makes GO more hydrophilic and more stable when dispersed in solution because they have a 

higher charge density from the ionized -COOH groups on the edges. It is also reported that 

spontaneous size separation phenomenon of GO sheets is happened at the water surface: GO 

sheets with a size of < 1µm sink whereas ones with a size of > 5 µm float on the surface. 108 

(see Figure 1.13a) This phenomenon is also observed at the interface of oil-water system. (see 

Figure 1.13b) Pickering emulsions can extract the GO sheets with larger size of > 5 µm from 
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their water dispersion in which smaller size GO sheets remain. There are no larger GO sheets 

in oil phase after several extraction steps because they are gradually depleted. 108 

 

Figure 1.13 | Spontaneous size separation phenomenon of GO sheets at (a) water surface, 

and (b) water-oil interface 108 

1.4 Mechanism of graphene dispersion in liquid phase 

1.4.1 Mechanism of direct dispersion of graphene in solvents 

As mentioned above, pristine graphite or graphene are hydrophobic, thus, they can hardly be 

exfoliated and dispersed in water. Inspired from studies on carbon nanotubes successfully 

exfoliated in organic solvents such as N-methyl-pyrrolidone (NMP) 109–111, in 2008, Coleman 

group first reported exfoliation of graphite into single-layer and few-layer graphene in a range 

of organic solvents. 82 In that study, authors measured the graphene concentration in different 

organic solvents to find the optimum ones. Benzyl Benzoate, NMP, γ-Butyrolactone (GBL) 

and N, N-dimethylformamide (DMF), etc. have been found to present the best performances. 

Figure 1.14 a, b shows TEM images of monolayer graphene and multilayer graphene deposited 

from NMP. In Figure 1.14 c, the graph presents a statistical study of counting the number of 

layers per sheet. From a thermodynamic point of view, they further explained that the high 

dispersed graphene concentration depends on the small net energy cost. This energy balance is 
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chemically expressed as the enthalpy mixing which can be calculated approximately by 

equation 1.1: 

∆𝐻𝑚𝑖𝑥

𝑉𝑚𝑖𝑥
≈

2

𝑇𝑓𝑙𝑎𝑘𝑒
(𝛿𝐺−𝛿𝑠𝑜𝑙)

2Ф (1.1) 

Where 𝛿𝑖 = √𝐸𝑠𝑢𝑟
𝑖  is the square root of the surface energy of phase i, Tflake is the thickness of a 

graphene sheet, and   is the graphene volume fraction. The surface energy of NMP, DMF, and 

o-DCB are close to that of graphene, ~70 mJ m-2 (Figure 1.14 d), so they are able to disperse 

graphene. The solvent surface energy, 𝐸𝑠𝑢𝑟
𝑠𝑜𝑙 , has a relationship with surface tension, : 

 𝛾 =  𝐸𝑠𝑢𝑟
𝑠𝑜𝑙 − 𝑇𝑆𝑠𝑢𝑟

𝑠𝑜𝑙   (1.2) 

here 𝑆𝑠𝑢𝑟
𝑠𝑜𝑙  is the solvent surface entropy. The optimum solvent surface tension for graphene 

exfoliation and dispersion is 40-50 mJ m-2. 82 Moreover, Hildebrand solubility parameter of T 

~ 23MPa1/2 and Hansen solubility parameters of D ~ 18MPa1/2, P~ 9.3MPa1/2 and H ~ 

7.7MPa1/2 are used to characterize good solvents for graphene by measuring the graphene 

dispersibility in 40 solvents. 112 

 

Figure 1.14 | TEM images of graphene nanosheets deposited from NMP with (a) a 

monolayer and (b) a multilayer (scale bars: 500 nm). (c) Histogram of the number of 
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graphene flakes as a function of the number of monolayers per flake in NMP. (d) Graphene 

concentration in different solvents plotted versus solvent surface tension. 

In addition, increasing exfoliation time can also increase graphene concentration during the 

liquid-phase exfoliation process. 113 A process relying on low-power sonication for a long time 

(up to 460 h) is demonstrated to obtain a higher graphene concentration in NMP (up to 1.2 mg 

mL-1). 113 Figure 1.15 shows that with sonication time from 0.5 h to 270 h, the graphene 

dispersion concentration rises steadily from 0.06 mg mL-1 to the saturation at 1.2 mg mL-1, 

respectively. The flake dimensions induced with sonication time as t-1/2 indicated that the size 

of graphene sheets decreases with exfoliation time. As shown in Figure 1.15 b, the mean length 

and width reduced from ~3 to ~1 m and from ~1µm to ~300 nm, respectively. 

 

Figure 1.15 | (a) Graphene concentration versus sonication time. The inset of top left shows 

graphene dispersion after 6 h and 180 h sonication time. (b) Mean monolayer number per 

flake, mean length and width of graphene flakes as function of sonication time, respectively. 

113 

1.4.2 Mechanism of polymer assisted LPE for pristine graphene dispersion  

In general, the polymer stabilization of graphene in solution is explained by the steric force 

mechanism. Specifically, the polymer is partially adsorbing on graphene surface and it partially 

protrudes into solvent. Here, the interaction of polymer and surface could be -, hydrophobic, 
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Van der Waals, electrostatic or charge transfer. The protruding parts could provide the steric 

force between graphene layers, the produced repulsive force prevents the nanosheets 

agglomeration and stabilizes them in solvent. 114,115 Xu et al. demonstrated that noncovalent 

liquid-phase exfoliation of graphite in THF or Chloroform with hyperbranched polyethylene 

(HBPE) as stabilizer can increase graphene concentration from 0.045 mg mL-1 in THF and 0.18 

mg mL-1 in chloroform to 3.4 mg mL-1 after further concentrated, while remaining stable. 115 

The mechanism has been described as noncovalent nonspecific CH- interactions between 

HBPE and the graphene surface without any functionalities. The CH- interactions are 

generally weak hydrogen bonds. 116 By this way, HBPE adsorbs on surface to sterically stabilize 

the exfoliated graphene against their reaggregations. (see Figure 1.16) 

 

Figure 1.16 | Scheme of Noncovalent liquid-phase Exfoliation of Graphite in THF or 

Chloroform with HBPE as the stabilizer. 116 

From this perspective, polymer adsorption on layer materials’ surface is a key step resulting in 

the steric force preventing stack of the sheets. Therefore, evaluation of free energy during 

adsorption process is useful to build an equivalent framework to choose the solvent/ polymer 

combination for stabilized a given colloid. In general, when a polymer in “dilute” solution 

closes to a surface, it would like to adsorb on the surface to gain energy. Flory theory assumed 

that a Kuhn monomer (the length of Kuhn monomer: b) in contact with the surface can gain 

energy of -ekT, where 0 < e    represents week adsorption. 117 In order to gain more 

adsorption energy, the chain would try to contact with surface in an increase numbers of Kuhn 

monomer (the total number within one polymer chain: N). At the same time, the chain would 

have to confine its conformation to a layer which thickness should be smaller than the end-to-

end distance (R) of polymer coil, ξads < R, then losing the conformational entropy. (see Figure 
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1.17) The total free energy of a weekly adsorbed polymer chain can be calculated by equation 

1.3. 

 

Figure 1.17 | A polymer chain adsorbed weekly on a surface with a thickness ξads 

𝐹 = 𝐹𝑐𝑜𝑛𝑓 + 𝐹𝑖𝑛𝑡 ≈ 𝑘𝑇𝑁(
𝑏

𝜉𝑎𝑑𝑠
)5/3 − 𝛿𝑒𝑘𝑇𝑁

𝑏

𝜉𝑎𝑑𝑠
  (1.3) 

The adsorption free energy Fint = -ekT plays important role during polymer adsorption process 

because it can reduce free energy of the whole system. Combining with quasicrystalline lattice 

model from A Silberberg, the physical meaning of Fint = -ekT is described as the exchange of 

a solvent molecule in contact with the surface in a solvent reference by a polymer monomer 

with equivalent size from the pure reference phase. 118 Therefore, e can be understood as a 

combination of interactions among graphene, polymer and solvent. Unfortunately, there are less 

researches found to give more explanations of e. 

May et al. have explored the free energy of polymer adsorbed on 2D materials to stabilize them 

in solution. Specifically, they showed that graphite flakes, powdered hexagonal boron nitride 

(BN) and powdered MoS2 were exfoliated in tetrahydrofuran (THF) or cyclohexanol (CXO) 

with a set of polymers like polybutadiene (PBD), polystyrene (PS), poly (vinyl chloride) (PVC), 

poly (vinyl acetate) (PVAc), poly (methyl methacrylate) (PMMA), cellulose acetate (CA), etc. 

as stabilizers, then the 2D materials’ concentration were increased to varying degrees. Through 

a modeling study, they built a relationship (see equation 1.4) for predicting the favorable energy 

of stabilization only when the Hildebrand solubility parameters of graphene, polymer and 

solvent are similar. 114  

∆𝐹 = 𝐾𝑇𝑁(
2𝜈𝑠

𝑧
(𝛿𝑆−𝛿𝑃)(𝛿𝐺−𝛿𝑆)

𝑘𝑇
)2  (1.4) 
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1.5 Graphene/polymer nanocomposites for electrochemical 

capacitors 

1.5.1 Introduction of electrochemical capacitor 

Electrochemical capacitor (EC), or the so-called supercapacitor exhibits high power density, 

high charge/discharge rates, and long cycle life. Therefore, EC is considered as one of the most 

promising energy storage device to replace batteries, especially in wearable electronic devices, 

and electric vehicles (EV). 119–121 The mechanism of EC for energy storage is principally based 

on two types of electrochemical behaviors: electric-double-layer (EDL) capacitance and 

pseudocapacitance. 122 In general, EDL capacitor uses active carbon (AC) as the electrode 

material because of its high surface area. The charge accumulation at electrode/electrolyte 

interface is attributed to the EDL capacitance. By contract, pseudocapacitor contains a metal 

oxide or a conducting polymer as the electrode material, which storage capacities via reversible 

Faradic redox reactions. (see Figure 1.18) Generally, pseudocapacitor exhibits high 

pseudocapacitance, but limited stability during the charge/discharge cycling. EDL capacitors 

exhibit good stability but unsatisfactory EDL capacitance. 123–125 

 

Figure 1.18 | Two mechanisms of EC for energy storage: electric-double-layer (EDL) 

capacitance and pseudocapacitance 126 

The electrochemical performance of a EC is conventionally evaluated based on the following 

aspects: a) power density considerably higher than that of batteries with > 10 Wh kg 1, b) fast 

charge/discharge rate within seconds, c) outstanding cycle life more than 100 times of batteries, 

d) low self-discharging rate, and e) safe operation and f) low cost. Besides, the time constant 
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represented as resistance (R) time capacitance (C) is also an important parameter for evaluation 

of EC’s performance. A large time constant value indicates a lower leakage or a self-

discharging rate. 127 

1.5.2 Application of Graphene-based nanosheets in electrochemical 

capacitor 

Graphene can be applied to prepare EDL capacitor thanks to its intrinsic properties: lightweight, 

high surface area, extraordinary electrical conductivity, outstanding mechanical properties and 

great chemical stability. Theoretically, the specific capacitance of monolayer graphene is ~21 

F.cm-1, which sets a higher limit of EDL capacitance for all carbon-based electrode. 128 Then 

corresponding EDL capacitance value of 550 F g-1 is asserted as soon as the surface area is 

entirely used. 129 In addition, GO with enriched oxygen-containing functional groups provides 

additional pseudocapacitance, its specific capacitance is up to 189 F g-1, as well as it displays 

great rate performance and outstanding cycle durability. 130  

However, in scalable graphene production, the nanosheets yielded by top-down method 

normally trend to agglomerate and restack together, rendering the capacitive ability of materials 

much lower than theoretical value. 127,131–133 Graphene/polymer hybrid composites have a 

tremendous potential for energy applications, especially applied as EC. 134 This hybrid system 

can take advantages of both Graphene-based nanosheets and polymer. On one hand, Graphene-

based nanosheets can contribute to the EDL capacitance or pseudocapacitance, and their 

presence in hybrid composites can enhance polymer’s electrical conductivity and mechanical 

properties. On the other hand, polymers can contribute not only to the pseudocapacitance, but 

also play a stabilizer’s role to prevent the nanosheets’ agglomeration, resulting in the 

improvement of nanosheets’ dispersibility and stabilization in solvent. Thus, the overall 

electrochemical properties of graphene/polymer hybrid composites are improved. 

1.5.3 Preparation of graphene/polymer hybrid composites  

Graphene/polymer hybrid composites generally can be fabricated by noncovalent or covalent 

approaches, which are classified on basis of the interaction between both specimens. (see Figure 

1.19) 135 Noncovalent functionalization of graphene is accomplished via physisorption of 

polymer molecules on graphene surface through − stacking, hydrophobic interaction or 

electrostatic interactions. 135,136 Direct mixing of both specimens, or in situ polymerization of 
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monomers in the presence of graphene are both belonging to noncovalent functionalization. 

This approach can improve graphene’s dispersibility and stability in solvent. On the other hand, 

covalent functionalization of graphene is realized by chemical reaction with polymers, such as 

condensation reaction, cycloaddition reaction or radical polymerization. Specifically, polymers 

with active groups are chemically grafted on graphene, or graphene attached chemically with 

initiators to initiate polymerization. 137,138 This approach provides relatively more stable 

composite systems comparable to noncovalent functionalization. 

 

Figure 1.19 | Scheme of functionalization of graphene with polymers by noncovalent 

approach and covalent approach. 135 

1.5.4 Graphene/polymer hybrid composites for electrochemical capacitors 

electrode 

Conducting polymers, PANI and PPy, are the most commonly used in combination with 

graphene for hybrid composites that display high electrochemical performance. They have been 

studied by many groups. 139–147 For example, PANI nanowire arrays are vertically grown on 

GO nanosheets to produce a hierarchical nanocomposite that exhibit a high specific capacitance 

reaching up to 555 F g-1 at a current density of 0.2 A g-1. This value is higher than 298 F g-1 for 

random connected PANI nanowires prepared by the same way, and the cyclic stabilization is 

also better than that of pure PANI. 142 (see Figure 1.20) Qu et al. reported a 3D porous GO/PPy 
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foam as a compressible EC. The foam displays durable compression tolerance without 

structural collapse, and high specific capacitance of 360 F g-1 at a current density of 1.5 A g-1. 

144 

 

Figure 1.20 | (a, b) SEM images of PANI/GO nanocomposites; (c) CV curves of pure GO, 

random connected pure PANI nanowires, and PANI/GO nanocomposites at a potential 

windows of -0.2-0.8 V at a scan rate of 20 mV s-1; (d) the specific capacitance of random 

connected pure PANI nanowires and PANI/GO nanocomposites with different current 

densities. 142 

Alongside the above-discussed conducting polymers, other polymers including cellulose, 

polyselenophene, epoxy, and Polyvinyl alcohol (PVA) have been also used with graphene to 

prepare ECs’ electrode. 148–154 The low-cost PVA is an interesting material due to its excellent 

properties in transparency, flexibility, aqueous solubility, and ease of processing. 155 With the 

incorporation of graphene, the properties of PVA have been improved in several aspects such 

as mechanical properties, optical properties, impermeability, electrical and thermal 

conductivity. 156–161 Indeed, graphene/PVA hybrid composites can be good candidates to 

investigate their electrochemical activity. For example, GO/PVA hybrid composites containing 

0.5% wt/wt GO exhibit higher specific capacitance of ~400 F g-1 at a scan rate of 10 mV/s, 

which is retained to ~92% after 400 cycles. The specific capacitance of pure GO and pure PVA 
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are ~244 F g-1 and ~ 27 F g-1 respectively in the same conditions. 154 (see Figure 1.21) PVA/rGO 

hybrid fiber with a weight ratio of 10/90 displays a strength of 186 Mpa, a toughness of 11.3 J 

cm-3, and a best capacitance of 241 F cm-3 in 1M H2SO4 electrolyte. Combination with its 

excellent flexibility and bending stability, PVA/rGO hybrid fiber possesses great potential for 

wearable electronic devices application. 151 

 

Figure 1.21 | SEM images of cross section in (a) GO/PVA and (b) GO; (c) Cyclic 

voltammogram of GO/PVA, pure GO, and pure PVA within a potential window range from 

0 to 1V. (d) Capacitive slope given from the electrochemical impedance spectroscopy (EIS) 

plots. The color code of the dots is same with in the EIS plot inset. The comparison of 

capacitive slope suggests that GOPVA200 exhibits the highest slope comparing with other 

nanocomposite compositions. 154 

1.6 Electrochemical characterization 

1.6.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is a tool commonly used in the electrochemistry field, which has been 

applied extensively to characterize the performance of electrical energy storage devices, such 

as batteries, electrochemical capacitors and full cells. In a CV measurement, the working 
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electrode potential is ramped linearly against time. By controlling the scan rate as well as the 

setting potential windows, the potential of samples is cyclically measured between the reference 

electrode and the working electrode, the corresponding current is measured between the counter 

electrode and the working electrode. Finally, the obtained data are plotted as a curve of current 

(i) versus applied potential (E), the specific capacitance can be evaluated as the total charge 

divided by the potential window in equation 1.5:  

𝐶𝑚 =  
∫ 𝐼 𝑑𝑉

2 𝑚 𝑣 𝛥𝑉
  (1.5) 

Where, Cm (F g-1) represents the specific capacitance, I (A) is the current intensity, m is the 

mass of the active materials, v represents the scan rate, and V represents potential windows.  

Generally, for an ideal capacitor, its CV shows a perfect rectangular shape due to the negligible 

resistance, as shown in Figure 1.22a. However, for the real capacitors, they suffer from power 

loss during charge and discharge, which is caused by resistances in electrical contacts, 

electrodes, and electrolyte, the sum of these resistances is called Equivalent Series Resistance 

(ESR). Therefore, the rectangular shape of CV would deviate, which is shown in Figure 1.22b.  

 

Figure 1.22 | Cyclic voltammetry curves of (a) ideal capacitor and (b) real capacitor  

In the case of electrochemical capacitor, the types of electrolyte can affect the electrochemical 

behavior of electrode materials. Figure 1.23 compared the voltammetry characteristics of 

activated carbon AC at 5 mV/s measured in the electrolytes of 1M H2SO4 acidic solution, 1M 

tetraethylammonium tetrafluoroborate (TEABF4) in acetonitrile (AN), and an electrolyte 

prepared with an ionic liquid, IL1, based on a bulky phosphonium cation. 163 Different 

performances were observed, for example, the voltage range can be extended using the IL1 

solution containing 25% AN. 
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Figure 1.23 | Cyclic voltammetry curves at 5 mV/s scan rate for activated carbon AC in 

three electrolytic media. 163 

1.6.2 Galvanostatic charge and discharge measurement 

The galvanostatic charge discharge (GCD) measurement is one of the most widely applied 

techniques in electrochemical capacitors field because it is not only used in laboratory 

environment, but also at industrial scale. GCD is an efficient approach to evaluate the materials’ 

electrochemical capacitance by controlling current conditions to measure the voltage. GCD is 

also called chronopotentiometry (CP). 

In a GCD measurement, a current at the working electrode is defined as a constant, and the 

resulting potential is measured between the working electrode and the reference electrode 

versus time. The specific capacitance of the working electrode is estimated by equation 1.6:162 

𝐶𝑚 =  
𝐼 ×𝛥𝑡

𝑚 ×𝛥𝑉
  (1.6) 

Where, Cm (F g-1) represents the specific capacitance, I (A) represents the discharge current, t 

(s) represents the discharge time, m (g) represents the mass of active materials, and V 

represents potential windows. 

1.6.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is employed to investigate electrochemical 

system, for instance, explaining the adaption process, the reaction mechanism and capacitance 

behaviors of EC. EIS is generally performed with a potentiostat and assumes the superposition 
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of a sinusoidal signal with small amplitude (5-10 mV) over a DC voltage and monitoring the 

magnitude and phase angle of the resulting ac current. The resulting impedance is represented 

as: 

Z (ω) = Z’ (ω) + jZ” (ω) 

EIS data are plotted in the complex plane as so-called Nyquist plots, in which the real axis Z’ 

is as x-axis and the imaginary axis Z” is as y-axis. Figure 1.24 shows a typical Nyquist graphic 

of an ideal capacitor and of a EC in series with a resistance. 

 

Figure 1.24 | Nyquist impedance plot of (a) an ideal capacitor and (b) a typical EC. 

For an ideal capacitor, in Figure 1.23a, the line with a steep rising overlap with the imaginary 

axis Z”. The vertical slope means that capacitance is not various with frequency. However, for 

a real capacitor, the impedance plot exhibits an additional semicircle, which represents a 

parallel combination of a bulk resistance Rb and a geometrical capacitance Cg. Rb is generally 

produced by the ion migration due to the bulk electrolytes. And Cg is produced by the dielectric 

polarization of electrolyte under the influence of electric field. The interfacial polarization 

makes a double layer capacitor to form, which is characterized by the steep rising at lower 

frequencies’ region of impedance plot. 

1.7 Summary 

Graphene-based nanosheets, as an advanced 2D material, display infinite potential in various 

application fields such as energy storage, conductive materials, protective coatings and etc. 

Graphene-based nanosheets can be produced by using both bottom-up or top-down approaches. 
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Moreover, among top-down method the liquid-phase exfoliation, appears as the most promising 

technique for large-scale production of graphene-base nanosheets. Actually, this way allows to 

get high concentration and well-dispersed graphene solutions.  

Due to its low-boiling point, abundance, safety, low cost, water is an ideal solvent for liquid-

phase exfoliation. However, pristine graphite can hardly be exfoliated and dispersed in water 

due to its hydrophobic feature. Moreover, strategies, like the use of a polymer as stabilizer or 

the introduction of oxygen-based groups within graphene, have proven to be effective to 

increase the nanosheets’ concentration and their dispersible stabilization in aqueous media. 

However, the mechanism of stabilized graphene by polymer in a liquid phase is still not clear, 

it can be related to polymer physics theories including polymer solution theory and polymer 

adsorption theory.  

In addition, noncovalent functionalization of graphene, performed via physisorption of polymer 

molecules on graphene surface through − stacking, hydrophobic interaction or electrostatic 

interactions etc. can be directly used to fabricate hybrid composites. These hybrid composites 

have a tremendous potential for energy applications, especially applied as electrochemical 

capacitors. 
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Chapter 2 

Experimental methodology 

This chapter gathers all specific method that we have carried out within this thesis. First of all, 

samples preparation process will be illustrated, including PVA solution preparation, oxidation 

of graphite, liquid-phase exfoliation of bulk graphite and graphite oxide in PVA solution, 

preparation of PVA/GO aerogels via freeze drying method, and preparation of electrode 

materials. Secondly, the information of relative materials and equipment will be displayed. 

Thirdly, all characterization techniques applied in graphene-based nanosheets will be carefully 

explained, and electrochemical measurements for our materials will be illustrated. 

2.1 Preparation of samples 

2.1.1 Introduction of liquid-phase exfoliation process 

Liquid-phase exfoliation (LPE) of pristine graphite or graphite oxide in polymer solution is 

carried out according to the following steps: a) addition of the pristine graphite or graphite oxide 

in a polymer solution; b) ultrasonication of the mixture for a period; c) centrifugation of the as-

obtained mixture to get homogeneous graphene or GO dispersion. Figure 2.1 shows the process 

scheme of liquid-phase exfoliation used in this thesis. 

 

Figure 2.1 | Process scheme of liquid phase exfoliation 
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2.1.2 PVA solution preparation 

Three molar weights of PVA, PVA1 (130000 g/mol), PVA2 (31000-50000 g/mol), and PVA3 

(13000-23000 g/mol) are dissolved according to various concentrations in distilled water and 

stirred at 80 oC for 4 hours. The studied concentration distribution of these three PVA solutions 

are shown in Table 2.1. 

Table 2.1 The concentration distribution of three PVA solutions 

Samples Concentration distribution (mg/mL) 

PVA1 0 0.05 0.15 0.25 0.3 0.5 1.25 2.5 5.0 7.5 10.0 12.5 20.0 

PVA2 0 0.25 0.5 1.0 1.5 2.0 5.0 10.0 15.0 20.0 25.0 30.0 40.0 

PVA3 0 0.25 0.5 1.25 2.5 5.0 10.0 15.0 37.5 45.0 60.0 67.5 75.0 

All three PVA solutions with different concentrations will be used in Chapter 3, and only PVA1 

solution with different concentrations will be used in Chapter 4 and Chapter 5. 

2.1.3 Preparation of graphite oxide with different oxygen content 

3g of pristine graphite flakes are mixed with 75mL of concentrated H2SO4 (98%) into a 250 

mL beaker. KMnO4, with required amount of 0.75 g or 9 g is gradually added into the mixture 

kept at low temperature (< 10 oC) in an ice bath. Then, the obtained dark green suspension is 

continuously stirred at 35 oC for 2 hours. Then 75 mL of deionized water are added to the 

suspension under vigorous stirring, the dark green mixture got fuchsia. Finally, 7.5 mL of 35% 

aq. H2O2 is added to finish the reaction, leading the mixture turns to a brown/yellowish color. 1 

To remove impurity ions, the resulting graphite oxide (GO) is washed two or three times as 

follows: a) HCl at 30%v/v, b) deionized water, c) ethanol. 2 Finally, GO slurry is obtained after 

centrifugation to remove excess water. In this study, two GOs with different oxidation degree 

are obtained by using different ratio of graphene: KMnO4 =1:4 and 3:1, named GO1, and GO2 

respectively. The weight percent of GO1 and GO2 in slurry are calculated as 35 wt.% for GO1 

and 9 wt.% for GO2. Figure 2.2 displays the scheme of preparation of GO slurry. 
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Figure 2.2 | Scheme of preparation of GO slurry 

2.1.4 Liquid-phase exfoliation of pristine graphite and graphite oxide in 

PVA/ water solution 

a) Exfoliation of raw graphite in three PVA solutions  

Pristine graphite flakes, with a ratio of 4.5 mg/mL, are added into the three PVA/water solution 

with different concentrations. These ternary mixtures are sonicated in a sonic water bath at 

40 °C (±2 °C) for 24 h. Moreover, the sonication duration was extended up to 1 week and 

measure of the concentration of the exfoliated solution was done every 24 h. Then, the 

suspension is transferred into centrifuge tube, and centrifuged at 1500 RMP for 90 min. Finally, 

the supernatants (top two thirds of the centrifuged dispersion) are carefully collected and further 

diluted (10, 20 or 50 times) to facilitate the comparison and the measurement. Because of 

unaverage energy distribution in the sonic bath, all samples are repeated several times, finally, 

the solution with highest dispersion concentration are recorded. 

b) Exfoliation of graphite oxide in PVA solutions  
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To reduce the exfoliation time and increase its efficiency, in chapter 4 a sonic tip is employed 

to exfoliate GO. GO1 and GO2 (4.5 mg/mL) are added into PVA solutions (only PVA1 is used 

in this chapter), then mixtures are sonicated using a sonic tip at ~40 oC for 30 minutes. Pristine 

graphite (PG) without any oxidation is also used using the same process as reference. The 

suspension is then transferred into centrifuge tubes and centrifuged at 1500 RMP for 90 min to 

obtain a stabilized dispersion. Finally, the obtained suspensions are diluted with 5 times to 

facilitate the comparison and the characterization. 

2.1.5 Preparation of PVA/ GO2 hybrid aerogels by freeze drying process 

A series of PVA/GO2 mixtures are prepared with different concentration of PVA: 0, 0.05, 0.15, 

0.25, 0.3, 0.5, 1.0, 1.25, 2.5, 5.0, 7.5, 10.0, and 12.5 mg/mL, still using GO2 at 4.5 mg/mL and 

PVA1. Those solutions are first frozen in a refrigerator at -80 oC for 12h, the frozen samples 

are then freeze-dried in a lyophilizer at -200 oC for three days. The PVA/GO2 aerogels with 

different mass ratio are obtained. Based on the different content of PVA, they are named as 

pure GO2, 0.05PVA/GO2, 0.15PVA/GO2, 0.25PVA/GO2, 0.3PVA/GO2, 0.5PVA/GO2, 

1.0PVA/GO2, 1.25PVA/GO2, 2.5PVA/GO2, 5.0PVA/GO2, 7.5PVA/GO2, 10.0PVA/GO2, 

and 12.5PVA/GO2. 

2.1.6 Preparation of electrode 

Firstly, we carefully weigh the 1 mg of sample, and press it into Ni foam current collector. For 

this step, we press it using a small mold in our lab, which can manually control the compression 

force. Otherwise, you can press it by Infrared Press machine with ~5Mpa, which is the most 

commonly used method for aerogels electrode material preparation. 1 mg is a low mass loading 

used for a comparison purpose. In order to have better contact of the electrolyte with the 

electrode material, the Ni foam loaded with the electroactive materials are soaked in a 1M 

Na2SO4 solution overnight. 
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2.2 Materials and Equipment 

2.2.1 Materials  

The information of all reagents and materials involved in this thesis are summarized in Table 

2.2. The digital photo and SEM image of Nickel foam current collector used are shown in Figure 

2.3. 

Table 2.2 Information of materials  

Name Parameters Producer 

Raw graphite flakes 

 12.01 g/mol 

+ 100 mesh 

Sigma Aldrich 

Polyvinyl Alcohol 

(PVA) 

130000 g/mol 

31000-50000 g/mol 

13000-23000 g/mol 

Sigma Aldrich 

Potassium Permanganate Analysis CHEMIE-PLUS  

Sulfuric Acid 98%, Analysis CHEMIE-PLUS 

Hydrogen Peroxide 35% aq., Analysis CHEMIE-PLUS 

Hydrochloric Acid 36.5-38%, Analysis CHEMIE-PLUS 

Ethanol Analysis CHEMIE-PLUS 

Sodium Sulfate Analysis CHEMIE-PLUS 

Nickel Foam 1 mm thickness  
Guang Jiayuan New 

Materials Co., China 
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Figure 2.3 | (a) Digital photo and (b) SEM image of Nickel foam 

2.2.2 Equipment 

Figure 2.4 presents all equipment, including the sonic bath (Fisherbrand 11201, Thermo Fisher 

Scientific, USA), the sonic tip (Ultraturrax IKA T25, Thermo Fisher Scientific, USA), the 

centrifuge machine (Thermo Scientific™ Medifuge™ small benchtop centrifuge, Thermo 

Fisher Scientific, USA) and lyophilizer (Labconco de 6l , FreeZone 6plus, USA) that we used 

during the process of samples’ preparation. 
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Figure 2.4 | Digital photo of (a) the sonic bath, (b) the sonic tip, (c) the centrifuge machine, 

and (d) lyophilizer 

2.3 Structural characterization techniques 

The Structural characterization of materials is crucial to investigate their physical and chemical 

properties. For graphene-based nanosheets (GBN) produced by liquid-phase exfoliation (LPE), 

it is important to characterize their structure such as domain size of crystal, thickness, number 

of atomic layers, and elemental composition. A series of techniques have been employed in this 

thesis, including Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy 

(EDS), Transmission Electron Microscope (TEM), X-ray Photoelectron Spectroscopy (XPS), 

X-ray Diffraction (XRD), Raman spectroscopy, Fourier transform infrared (FTIR) 

spectroscopy, etc. Furthermore, GBN concentration can be estimated using Ultraviolet–visible 

spectroscopy (UV-Vis) using Beer-Lambert’s law. 

2.3.1 Electron microscopy 

a) Scanning Electron Microscope (SEM) 

Scanning Electron Microscope (SEM) is a powerful and versatile tool for material 

characterization, especially in recent years with the continuous reduced dimension of materials. 

SEM generates images by scanning a specimen with a focused beam of electrons. The 



54 
© [Y. Huo], [2021], Ecole Centrale de Lyon, tous droits réservés 

interaction of high-energy electrons and the specimen produces signals that contain information 

about the surface topography and its composition.  

Energy Dispersive Spectroscopy (EDS) is a standard semi-quantitative analysis technique to 

determine elemental composition. When the electron beam generated by the SEM system, 

bombards materials, the production of characteristic X-ray can be analyzed by an energy 

dispersive spectrometer.  

All SEM images and EDS mappings in this thesis are obtained using a ZEISS Supra55 

SEM/EDS system (Figure 2.5a). Figure 2.5b and c display pristine graphite falkes and elemental 

distributions of carbon and oxygen elements. The mapping by red color and by green colore 

represent corbon and oxygen element, respectively. Samples for SEM are prepared by direct 

coating on a so-called double sided sticky carbon tape that was deposited on a metal substrate 

table, and then inserted into the electronic microscope. 

 

Figure 2.5 | (a) Digital photo of SEM/ EDS instrument of a ZEISS Supra55 used in this 

thesis. (b) SEM image of the raw graphite flakes. (c) SEM/EDS images of the raw graphite 

flakes in this thesis 

b) Transmission Electron Microscope (TEM) 

Transmission Electron Microscope (TEM) is a powerful technique for the microstructure 

characterization of materials. TEM image is generated by electrons beam transmitting through 
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an ultrathin sample (less than 100 nm thick) often deposited of a carbon grid. Images provide 

information about morphology, crystallography and chemical composition of the material over 

a range of length scale. High-resolution TEM (HRTEM) can analyze the depth of nanosheets 

down to the atomic dimension and the number of layers, whereas selected area electron 

diffraction (SAED) can be used to identify nanosheet structures and examine nanosheet defects. 

All TEM images are obtained using a Jeol 2010F electron microscope in bright field mode. 

Samples are prepared by placing a droplet of the solution containing the sample on a 300-mesh 

holey carbon microscopy grid. The grid is dried overnight and then inserted into the electron 

microscope. Figure 2.6 shows the TEM instrument of Jeol 2010F electron microscope as well 

as a typical TEM image and associated electron diffraction pattern recorded on GO2 sample. 

 

Figure 2.6 | (a) Digital photo of TEM instrument of Jeol 2010F electron microscope used 

in this thesis. (b) TEM image of GO2 and (c) An electron diffraction pattern from a selected 

monolayer area of GO2 

https://www-sciencedirect-com.docelec.insa-lyon.fr/topics/engineering/selected-area-electron-diffraction
https://www-sciencedirect-com.docelec.insa-lyon.fr/topics/engineering/selected-area-electron-diffraction
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2.3.2 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive spectroscopic technique that 

quantitatively provides information about material’s elemental composition (empirical formula) 

as well as the chemical and electronic states of the different elements present within the material. 

XPS spectra are obtained by irradiating a material with a beam of X-ray while simultaneously 

measuring the kinetic energy and quantity of the electrons that escape from the material top 

surface within 0 ~ 10 nm.  

Typical full scan spectra of the pristine graphite and corresponding exfoliated graphene are 

shown in Figure 2.7A. C1s peak at 284.6 eV is considered as intrinsic in-plane crystal structure 

of graphene. The O1s is ascribed to the adsorbed molecular oxygen on the surface of graphene 

and graphite. 3 Figure 2.7B presents typical full scan spectra recorded on GO and rGO, and their 

C1s region spectra that indicate the degree of oxidation corresponding to C atoms in different 

functional group. 4  

 

Figure 2.7 | XPS survey spectra of (A) pristine graphite and exfoliated graphene, inset is 

C1s core-level XPS spectrum of graphene.3 XPS spectra of (B) GO and rGO. (a) and (b) 

survey XPS spectra: C1s, O1s peaks comely appear, and N1s peak appear after the 

hydrazine reduction; (c) and (d) C1s region of XPS spectra: Commonly 4 spectra related 

to graphitic C=C and functional groups (C-O, C=O, HO-C=O) appear in GO and rGO. 

Especially in rGO, additional peak with C-N appears due to the use of hydrazine during the 

reduction process. 4  

A VG 2201 apparatus with an Al K radiation source is used to conduce XPS analyses. (see 

Figure 2.8) The size of the X-ray probe is adjusted to 200 × 200 m². Graphite-based materials 

are deposited on a steel disk. While analyzing samples, small part of steel disk is also analyzed 
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at the same time. The C1s and O1s peaks are calibrated by shifting iron oxide peaks from an 

O1s peak to 530.0 eV. 5 The same analysis is repeated but without the steel disk to ensure that 

all signals come from the sample. Since the major C1s peak is found at the same binding energy 

during both analyses before calibration, the C1s positions after calibration should be the same. 

The take-off angle is fixed at 45°.  

 

Figure 2.8 | XPS instrument used in this thesis 

2.3.3 X-ray Diffraction  

X-ray Diffraction (XRD) is a powerful nondestructive technique for characterizing material’s 

crystallinity, which provides information about structures, crystalline phases, preferred crystal 

orientations, and crystallite size. XRD peaks are generated by the constructive interference of 

a monochromatic beam of X-ray scattered at specific angles with each set of lattice planes in a 

sample. Figure 2.9 illustrates how the diffraction of X-rays by crystal planes allows to deduce 

lattice spacings by using the Bragg’s law. 

nλ=2d sinθ 
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Figure 2.9 | Schematic representation of Bragg’s law 

In this law, n is an integer called the order of reflection, λ is the wavelength of X-rays, d is the 

characteristic spacing between the crystal planes of a given specimen and θ is the angle between 

the incident beam and the normal to the reflecting lattice plane. By measuring the incident angle, 

θ, under which the constructively interfering x-rays leave the crystal, the interplanar spacing, d, 

of each single crystallographic phase can be determined. 6,7  

The powder XRD patterns of natural graphite, GO and rGO are presented in Figure 2.10a.8 

Generally the natural graphite shows a basal reflection peak (002) at 2θ = 26.6o which reflects 

graphite’s hexagonal structure. For GO powders, 2θ peak can be seen to be shift to 2θ = 11o, 

meaning a full oxidization of graphite. Besides, a broad peak in the range of 17-24° corresponds 

to the oxygen-containing groups produced between the GO sheets. After a reduction treatment, 

a weaker intensity peak in the range of 17-24° of the rGO can be attributed to that the 

−conjugated structure of graphene has been stacked considerably.  

All XRD patterns in this thesis are performed using a Bruker D8 advance instrument with a 

Lynx Eye high speed detector, (Figure 2.10b). This equipment uses a Cu-K radiation 

of  nm Samples (flakes or powder) are simply deposited into the hollow part of a 

sample holder and the excess of powder is removed by using a glass slide or a razor blade to 

smooth the upper face. Then the sample is put into the machine. 
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Figure 2.10 | (a) X-ray diffraction of natural graphite, GO, and rGO. 8 And (b) XRD 

instrument of Bruker D8 advance used in this thesis 

2.3.4 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique typically used to identify the inter- and 

intramolecular bonds within a material. It produces peaks showing the intensity and Raman 

shift of the scattered light.  

Raman spectroscopy is sensitive for the disorder and defects in graphite and its derivatives. For 

carbon-based materials, the G bond at ~1600 cm-1 is common for all sp2 of C and the D bond at 

~1360 cm-1 is common for all defects induced by oxidation. The intensity ratio of D bond and 

G bond (ID/IG) determinates the quality of graphite. Figure 2.11 shows Raman spectra of natural 

graphite GO and rGO. ID/IG ratio increases from 0.7 (graphite) to 1.03 (GO). After a reduction 

step, the D bond intensity is reduced, reaching 0.93 in rGO, which indicates the removal of 

partial oxygen containing groups. 9  

Raman spectra are recorded at a room temperature with a Horiba Labram aramis using a 

wavelength at 473nm as excitation sources, focused through a 50 X objective to give a laser 

spot of around 2 µm. Samples are simply deposited on an appropriate holder and directly 

analyzed by Raman spectroscopy. 
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Figure 2.11 | (a) Raman spectra of graphite, GO, and rGO 9 and (b) a digital photo of 

Raman spectrometer Horiba Labram aramis used in this thesis.  

2.3.5 Fourier transform infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a technique used to measure the interaction 

of IR radiation with matter via absorption, emission, and reflection. The molecules adsorb 

frequencies which allow to determine their structure. 

In general, FTIR spectrum of GO has a broad and intense band at ~ 3500 cm-1 which correspond 

to -OH groups and a peak at ~1722 cm-1 assigned to the C=O stretching mode, which is 

attributed to the carboxylic acid functional group. Another peak at ~ 1623 cm-1 assigned to the 

C=C stretching mode, characterized the aromatic structure of graphene. Besides, peaks at ~1377, 

~1225 and 1067 cm-1 are belonging to the deformation mode of C-H, C-O-C and C-OH bonds 

found in GO, respectively. Figure 2.12a shows typical FTIR spectra of GO with different 

oxidation degree. 2 

In this thesis, the FTIR spectrum of graphene or GO are recorded using a Thermo Scientific™ 

Nicolet™ iS™ 50 with pure KBr as background reagents. The samples are mixed with dry KBr 

powder and grinded in an agate mortar. Then the resulting mixture is pressed into a transparent 

pellet by using a hydraulic press. Figure 2.12b shows the FTIR spectrometer equipment used. 
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Figure 2.12 | (a) A typical FTIR spectra of GO with different oxidation degree, 2 and (b) a 

digital photo of FTIR spectrometer Thermo Scientific™ Nicolet™ iS™ used in this thesis.  

2.3.6 Ultraviolet–visible spectroscopy 

Ultraviolet–visible spectroscopy (UV-Vis) is commonly used in analytical chemistry for a 

quantitative measurement of different analytes like transition metal ions, organic compounds, 

and biological macromolecules. The concentration of a sample is determined by carrying out 

absorption measurement, following the Lambert- Beer’s law: 

A/l = C 

Figure 2.13a shows UV-Vis spectra of graphene dispersions stabilized by cellulose nanocrystals 

(CNC) and Triton X-100. 10 The peak at  = 269 nm seen in both samples is attributed to −* 

transitions of aromatic C-C bonds. 11 In order to preclude the influence of scattering 

phenomenon, the signal at wavelength  = 660 nm is used. Using Lambert-Beer’s law, the 

concentration of graphene dispersion ~0.9 mg mL-1 is measured 4 months later. 

In this thesis, UV-Vis spectrum of graphene/GO dispersion are recorded using 

Spectrophotomètre UV-Visible: PASTEL UVILINE that is shown in Figure 2.13b. 
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Figure 2.13 | (a) UV-Vis spectra of graphene dispersions stabilized by CNC and Triton X-

100. Inset photographs are CNC-stabilized graphene dispersions: as-prepared and after 4 

months. 10 (b) A digital photo of Spectrophotomètre UV-Visible: PASTEL UVILINE used 

in this thesis 

2.4 Electrochemical measurements 

All electrochemical measurements are carried out with a Gamry Ref600 potentiostat by using 

a traditional three-electrode cell. The Ni foam loaded with the electroactive material is used as 

working electrode, the platinum wire and the Ag/AgCl (KCl saturated solution) electrodes are 

used as the counter electrode and the reference electrode, respectively. The electrolyte chosen 

is 1M Na2SO4 solution (pH = ~6).  

 

Figure 2.14 | Digital photo of three electrode system in this thesis 
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The cyclic voltammetry (CV) are measured in the voltage range of -0.8-0 V with a scan rate of 

50 mV s-1. Galvanostatic charge-discharge (GCD) are measured in the same voltage window of 

-0.8-0V at the current density of 1 A g-1. Electrochemical impedance spectroscopy (EIS) 

measurements are performed in the frequency range from 0.1Hz to 100KHz and the oscillation 

potential amplitudes of 5 mV. 

The specific capacitances (C, F g-1) of working electrode are calculated from galvanostatic 

discharge curves according to: 12 

𝐶 =  
𝐼 ×∆𝑡

𝑚 ×∆𝑉
  (2.1) 

Where I (A) is the discharge current, t (s) is the discharge time, m (g) is the mass of 

electroactive materials on single electrode, and V (V) is the total potential change. 

2.5 Summary  

In this chapter, we have introduced our experimental methods through several aspects: 

preparation of samples, introduction of materials and equipment, characterization techniques, 

and electrochemical measurements. 

The modified Hummers’ method is employed to prepare graphite oxide. Liquid-phase 

exfoliation technique is used to disperse graphene and GO in PVA/water solution. Freeze-

drying method is used to process GO/PVA hybrid aerogels. All above experimental processes 

are clarified. 

.  
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Chapter 3 

PVA-assisted pristine graphene dispersing in 

water via physisorption  

Polymer can assist the pristine graphene dispersion in water. Understand of the stabilization 

mechanism can help us to better improve graphene dispersion and serve to the multifunctional 

composites’ innovation. In this chapter, we demonstrated the pristine graphene concentration 

in water can be manipulated by varying concentrations of Polyvinyl Alcohol (PVA). Based on 

classic Flory’s theory, we firstly proposed a model to describe the polymer adsorption process 

in graphene/ polymer/ solvent ternary system in a “dilute” regime and simulated the adsorption 

free energy change during this transformation. 

3.1 Introduction  

Pristine graphene can only slightly disperse in several environmentally disastrous organic 

solvents. 1,2 Comparing with this, it is better to use ecofriendly polymer as stabilizers to assist 

the layered materials dispersion in water media and to achieve a better stability as well as a 

higher nanosheet concentration. 3,4 In that way, the colloidal solution is an ideal starting material 

for nanocomposite preparation. 5–7 Besides, so-obtained colloidal solution possesses high 

graphene/ polymer ratio that would be of high interest in electric devices. 6  

The mechanism involved in the stabilization of graphene by polymer intermediates can be 

understood by the generation of a steric force when polymer chains are physically or chemically 

adsorbed on the surface. 8 The polymer covered nanosheets induces a repulsive force between 

two atomic layers, which prevents the further agglomeration. 9–13 May and Khan firstly 

proposed a framework to choose the most suitable polymer/solvent combination that is matched 

with Hildebrand solubility parameters. 8 They chose a relatively low polymer concentration (3 

mg/ml) for all the experiments and assumed that polymer coils are partially adsorbed on 

graphene and partially stay freely in solvent. In that work, the authors presented a model based 

on lattice theory to predict correctly the dispersion ability of graphene in different polymer 

solutions. Elsewhere reported that it is possible to obtain well-dispersed pristine graphene in 
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Polyvinylpyrrolidone (PVP) solutions and pointed out the influence of PVP concentration on 

graphene concentration. 14 However, the mechanism of this influence has not been 

systematically discussed yet. And it is still eagerly required the effort to consider the interaction 

in the mixture system. 

Indeed, the dispersion efficiency of graphene depends closely on the adsorption of polymer 

coils. With different polymer concentration, the macromolecule has gradually varying 

conformation, which can affect the free energy change of the whole graphene/ polymer/ solvent 

ternary system when adsorption occurs. To understand its influence, in this chapter, we have 

chosen ecofriendly pure water as the solvent in which graphene is insoluble, and PVA as the 

stabilizer because of its biocompatibility, non-toxic and processability. 15,16 Pristine graphene 

is dispersed in three PVA/water solution with different PVA concentrations using liquid-phase 

exfoliation in a sonic bath. More details about experiment has been presented in chapter 2. 

3.2 Results and discussion 

3.2.1 Results 

In Figure 3.1a, as graphene’s content varies, the color intensity varies with increasing polymer 

concentration Cp. Figure 3.1b fits the corresponded UV-Visible adsorption intensity of each 

specimen as function of the polymer concentration, at wavelength  = 660 nm for the three 

polymers. We can observe two maximum UV intensity at polymer concentration Cp ≈ 0.3 

mg/mL and Cp ≈ 10 mg/mL for PVA1, Cp ≈ 1.3 mg/mL and Cp ≈ 21.3 mg/mL for PVA2, Cp ≈ 

2.9 mg/mL and Cp ≈ 37.5 mg/mL for PVA3. We respectively name these two peaks as Cc and 

C* which are marked in Figure 3.1b.  
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Figure 3.1 | Graphene stabilized by PVA in water media (a) Images of the colloid of 

graphene in PVA1, PVA2 and PVA3 solution after dilution 10 (x10) and 20 times (x20). 

(b) UV-Visible light absorption of graphene at  = 660 nm curve versus PVA 

concentrations 

Figure 3.2 presents the UV-Visible absorption intensity of pure polymer with different 

concentrations and graphene in PVA1, PVA2, and PVA3 solutions. Once the wavelength was 

greater than 300 nm, the polymers’ absorption intensity was almost zero and was neglected. To 

preclude the influence of the scattering phenomenon, we used the signal at a λ = 660 nm 

wavelength for graphene. 4,48  
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Figure 3.2 | The UV-visible absorption spectroscopy of solution of (a) PVA/ water at 

representative concentrations and (b) graphene in PVA1, (c) graphene in PVA2, and (d) 

graphene in PVA3 

The absorption intensity is linearly proportional to the suspended species concentration: A/l = 

<>C (Beer-Lambert’s law). A is the optical absorption intensity, I is the passage length (10 

mm), and <a> is the extinction coefficient. Our study focused on the tendency of graphene 

concentration variations with Cp, which can be estimated using <a> equal to 2460 mL/m/mg. 

17 The corresponding graphene concentration calculated gives 0.27 mg/mL and 0.28 mg/mL for 

PVA1 at Cc and C*, 0.51 mg/mL and 0.61 mg/mL for PVA2, and 0.37 mg/mL and 0.35 mg/mL 

for PVA3. In this chapter we focused on polymer’s critical concentration Cc. at which the 

content of graphene in polymer are respectively 47 wt.% for PVA1, 28 wt.% for PVA2 and 8 

wt.% for PVA3 after 24h sonication.  

Extending the sonication time efficiently increases graphene dispersion concentration. Figure 

3.3 presents the variation in graphene concentration for PVA1 solution in one week of 

sonication, and corresponding UV-Visible light absorption of graphene at  = 660 nm curve 

versus PVA1 concentrations.  
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Figure 3.3 | Variation of the graphene concentration in one week. (a) Photographs of the 

colloid of graphene in PVA1 with different dilute times. (b) UV-Visible light absorption 

intensity of graphene at  = 660 nm curve versus PVA1 concentration.  

Figure 3.4 plots the variation of two peaks at Cc and C*. Results show that extended sonication 

time efficiently increases graphene dispersion concentration. The highest graphene 

concentrations in PVA1 solution reach 1.42 mg/mL and 0.78 mg/mL respectively after 7 days 

of bath sonication. The ratio of graphene in polymer at first peak becomes 85 wt.%. 
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Figure 3.4 | Variation of the graphene concentration for one week at Cc in red and C* in 

black 

3.2.2 Discussion 

As we know, polymer solution can be divided into the “semi-dilute” regime and the “dilute” 

regime, the boundary concentration is named overlap concentration C*. 18,19 Moreover, the 

“dilute” solution is further distinguished by another boundary concentration, denoted Cs. 
19,20 

In the early 90s, Dondos and Tsitsilianis have already demonstrated that the variation of 

polymer conformation occurs in the “dilute” solution. 21 (see Figure 3.5)  

 

Figure 3.5 | Schematic representation of the polymer concentration regions defined in 

relation to the two specific concentrations Cs and C*. Dashed line shows the pervaded 

volume of single polymer coil. 
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When concentration is lower than Cs, the polymer coils are isolated, and the solution is called 

“very dilute”. When over than Cs but lower than C*, the intermolecular interaction is produced, 

coils are compressed leading a pervaded volume decreasing, but maintains macromolecule’s 

individuality. When above C*, the polymer coils start to penetrate each other. 21  

C* can be evaluated using the intrinsic viscosity [] of solution: 22 

C* = 1/ [] (3.1) 

Moreover, [] can be obtained according to Mark-Kuhn–Hawink’s equation: 23 

[] = K    (3.2) 

where K  is a factor impacted by temperature, polydisperse and branching, the  value is linked 

to thermodynamic state of the solvent, chain stiffness, macromolecular conformation, and   is 

the average molar weight of the polymer. For a PVA aqueous solution, K  is 4.53 × 10-4 dl/g 

and   is given elsewhere a value 0.64 at room temperature. 24 

In a similar way, Cs is closely linked with the intrinsic viscosity of polymer solution: 19 

Cs = 2.5x10-2/ [] (3.3)  

C* and Cs for PVA1, PVA2 and PVA3 are calculated as showing Table 3.1.  

Table 3.1 Cs and C* of PVA1, PVA2 and PVA3 

Samples PVA1 PVA2 PVA3 

C*, mg/mL 11.8 24.8 41.7 

Cs, mg/mL 0.3 0.6 1.0 

It is interesting to notice that the first peaks at Cc given ~0.3, ~1.3 and ~2.9 mg/mL for PVA1, 

PVA2 and PVA3 are closing to their “very dilute” regime, and the another one at C* given ~10, 

~21.3 and ~37.5 mg/mL for PVA1, PVA2 and PVA3 are near their overlap concentration C*. 

This phenomenon will be explained in section 3.5. 
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3.3 Electrical conductivity measurement 

Under vacuum filtration, nanocomposites can be easily produced from liquid phase starting 

materials. Figure 3.6a shows a conductive flexible membrane in which the graphene in PVA1 

is 47 wt.%. Here, we use straight ‘four-point probe’ to measure the conductivity. By several 

different direction measurement, an average value of electrical conductivity, 10 S/m, has been 

obtained. This nanocomposite’s cross-section had a lamellar structure, as demonstrated in 

Figure 3.b. 

 

 

Figure 3.6 | (a) A flexible composite membrane of the graphene/PVA1 (47 wt.%) with an 

electrical conductivity of approximately 10 S/m. (b) Cross-section of the graphene/PVA1 

(47 wt.%) membrane. 

3.4 Characterizations  

3.4.1 Transmission Electron Microscope (TEM) 

Transmission electron microscopy (TEM) measurements are used to assess the nanosheets’ 

morphology. The TEM images (Figure 3.7 a-d) display similar lamellar graphene structures 

with an average length of approximately 0.3-1 μm and an average width of approximately 0.8 

μm. The number of nanosheets is estimated by analyzing the flakes’ folded edges, which varies 

from 1 to 5 layers. Figure 3.7e shows an example of graphene flakes with only three layers. 

Electron diffraction patterns are obtained with monolayers showing typical hexagonal spots, as 

demonstrated in Figure 3.7f. 
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Figure 3.7 | TEM images of typical graphene obtained at (a) Cp = 0.25, (b) 1.25, (c) 5, and 

(d) 20 mg/mL (e) Graphene flake with three atomic layers in TEM. (f) An electron 

diffraction pattern from a selected monolayer area at Cp = 0.25 mg/mL 

The TEM images of Figure 3.8a and b show that PVA molecules gather and isolate to each 

other, respectively. No electron diffraction patterns in Figure 3.8c proves further PVA grains in 

Figure 3.8a and b. Figure 3.8d and e display PVA molecules adsorbed on graphene surface and 

existed between graphene layers, which demonstrates that polymer molecules can play the role 

of preventing graphene agglomeration. Electron diffraction patterns are obtained from graphene 

monolayer area at Figure 3.8e showing typical hexagonal spots, as demonstrated in Figure 3.8f. 
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Figure 3.8 | TEM images of typical graphene obtained at Cp = 0.25. (a) Gathered PVA 

molecules, (b) Isolated PVA molecule (c) An electron diffraction pattern from a selected 

PVA molecule. (d, e) PVA molecules adsorbed on graphene layers and existed between 

graphene layers. (f) An electron diffraction pattern from a selected graphene monolayer 

area at (e) 

3.4.2 X-ray Photoelectron Spectroscopy 

Pristine graphite is analyzed by XPS. It is composed of 97.8 % of C and 2.2 % of O. After 

calibration, the major peak of C 1s is located at 284.4 eV, which attributes to C=C from the 

carbon aromatic ring. The binding energy difference between C-C and C=C is 1.1 eV. Carbon 

in graphite are also witnessed to form bond with oxygen. C-O, C=O, and O-C=O peaks are 

found at 286.4 eV, 287.4 eV, and 289.0 eV, respectively. Furthermore, peak at 291.4 eV 

corresponds to π to π* transition. 25,26 The peaks of O 1s located at 531.3 eV, 532.5 eV and 

533.8 eV are from the groups of C-O-C, C=O and O-C=O. 27 More fitting details are shown in 

Figure 3.9 and Table 3.2. As shown, a relatively weak oxygen contain can be found in the raw 

graphite materials. Taking into account the mild exfoliation conditions, the resulting graphene 
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will only be slightly oxidized on the nanosheet edge or at several defect sites. In a general way, 

the graphene sheet stays chemically stable.  

 

 

Figure 3.9 | XPS result of pristine graphite: (a) C 1s and (b) O 1s 

Table 3.2 Fitting details in C 1s and O 1s of graphite. 

Graphite Percent, at % Peaks in details Positions (eV) 

C 1s 97.8 

C=C 284.4 

C-C 285.5 

C-O 286.4 

C=O 287.4 

O=C-O 289.0 

 to  291.4 

O 1s 2.2 

O-C=O 531.3 

C=O 532.5 

C-O-C 533.8 
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3.5 Stabilization mechanism 

It is important to explore the mechanism of PVA-stabilized graphene in aqueous solution and 

the variation of the graphene concentration in this media to understand this phenomenon. The 

polymer-assisted 2D materials’ dispersion can be divided into two steps: 1) pristine 2D 

materials are exfoliated from raw materials; 2) polymers adsorb on nanosheets and stabilize 

them by steric forces. At step 1, the efficiency of exfoliation process is closely related to the 

viscosity of PVA solution which remains almost constant in the “diluted regime” (< C*). 28–30 

If we assume that excess amount of graphene nanosheets can be obtained after ultrasonic 

sonication in PVA solutions with different concentrations, graphene content is mainly governed 

by step 2, in which PVA chain adsorption takes place if it is favorable considering the free 

energy variation of the whole system. 

Regarding the interaction nature, it can be either chemisorption or physisorption in polymer 

chains on graphene. The XPS results of pristine graphite show low oxygen levels (~2.2 %) in 

last section. Considering the chemical inertness of pristine graphene under the exfoliation 

conditions, the major energy gain of real chain physisorption is estimated using equation (3.4) 

31: 

𝐹𝑎𝑑𝑠 ≈  −𝛿𝑒𝑘𝑇𝑁
𝑏

𝐷
, (3.4) 

where D is the thickness of the adsorbed chain, b is the length of Kuhn monomer, N is the 

number of Kuhn monomers in one coil, and 𝛿ekT is the energy gain per Kuhn monomer in the 

polymer coil after adsorption. 

Adsorption energy parameter, e 

𝛿e is the so-called adsorption energy parameter of polymer-surface interactions representing the 

nature of the components involved in adsorption, including adsorbents, polymers, and solvents. 

31 When 0 < 𝛿e ≤ 1, the adsorption is weak, and when 𝛿e > 1, the adsorption is strong. 32 𝛿e 

depends on the material’s intrinsic properties.  

In classic Flory Theory, when a polymer coil in dilute solution gets close to a surface, it tends 

to adsorb on the surface to gain adsorption free energy -ekT for a Kuhn monomer. For the best 

of our knowledge, there is not a direct calculation method for e reported in the literature. 
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However, a different expression has been shown in elsewhere report, in which A. Silberberg 

developed a quasicrystalline lattice model and proposed a similar formula -(s-)kT to calculate 

the adsorption energy of one repeating unit adsorbed on the surface in solution. 33 The specific 

physical process was described as the exchange of a solvent molecule in contact with the surface 

in solvent reference by a polymer monomer with equivalent size from the pure reference phase. 

In this expression  is the Flory-Huggins’ interaction parameter which is used for the 

characterization of interaction energy between polymer and solvent in the mixture,  equals:31  

𝜒 =
𝑧

2
(

2𝑢𝑝𝑠−𝑢𝑝𝑝−𝑢𝑠𝑠

𝑘𝑇
) (3.5) 

Where z is coordination number from model, upp, uss and ups are defined as potential-energy for 

each type of contact (polymer-polymer, solvent-solvent and polymer-solvent). Connecting the 

potential-energy with the Hildebrand solubility parameter, there is a classic relationship: 

𝑢𝑝𝑠 =  −
2𝑣𝑜𝛿𝑝𝛿𝑠

𝑧
 (3.6) 

where v0 is the solvent molecular volume. Water’s volume equals 30 Å3. p and s are the 

solubility parameter of polymer and solvent. Combination equation 3.5 and equation 3.6, 

 equal to: 

𝜒 =
𝑣𝑜

𝑘𝑇
(𝛿𝑝 − 𝛿𝑠)2 (3.7) 

Hildebrand solubility parameters can be used to calculate  in the non-polar system. However 

considering the polarity and hydrogen bonding in polar solvent, like water, the Hansen 

solubility parameters are required 34: 

𝜒 =
𝑣𝑜

𝑘𝑇
[(𝛿𝑑,𝑝 − 𝛿𝑑,𝑠)

2
− 0.25(𝛿𝑝,𝑝 − 𝛿𝑝,𝑠)

2
− 0.25(𝛿ℎ,𝑝 − 𝛿ℎ,𝑠)

2
] (3.8) 

where d, p and h are dispersion solubility parameters, polar solubility parameter and hydrogen 

bonding solubility parameter, respectively. Correspondingly, s can be calculated by 33: 

𝜒𝑠 =
𝑧

𝑘𝑇
[𝑢𝑔𝑠 − (𝑢𝑔𝑝 − 𝑢𝑝𝑝) − (

1

2
)(𝑢𝑠𝑠 + 𝑢𝑝𝑝)] (3.9) 

Combined with equation 3.6, s can also be calculated by the Hildebrand solubility parameters: 

𝜒𝑠 =
𝑣𝑜

𝑘𝑇
[(𝛿𝑠 − 𝛿𝑔)2 − (𝛿𝑝 − 𝛿𝑔)2] (3.10) 
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So far, we found that two parameters, e and s- used in representing the interaction between 

polymer and the surface and calculating the adsorption free energy. But their mismatch is that 

-ekT corresponds to the energy change of one Kuhn monomer and -(s-) kT depicts the 

interaction of one repeating unit. 

We speculate that, in a mean-field estimate, the repeating units are uniformly distributed within 

a given distance from the absorbent. Therefore, the fraction of Kuhn monomer in direct contact 

with absorbent within a distance of one repeating unit size l equals to l/b. The number of 

adsorbed repeating units in a Kuhn length is then nl/b where n is the number of repeating units 

in a Kuhn monomer. Since nl and b are both the Kuhn length, nl/b equals to 1, indicating that 

the adsorption energy of a Kuhn monomer is that of a repeating unit. Therefore, the relationship 

of e = s- could be established. Then, developing equation 3.10 in a similar way to that of 

equation 3.8 using Hansen solubility parameters, it has e = 0.9 for the graphene/ PVA/ water 

ternary system. Table 3.3 shows the Hansen solubility parameters of each component.  

Table 3.3 The Hansen solubility parameters of graphene, PVA and water. 34–36 

 d p h 

Graphene 18.0 (15-21) 9.3 (3-17) 7.7 (2-18) 

PVA 17.0 9.0 18.0 

Water 15.5 16.0 42.3 

The free energy of a free-standing polymer coil before adsorption 

The free energy of a polymer coil in a solvent, without any graphene incorporation, is composed 

of an energetic term and a confinement term as described in equation 3.11: 31 

𝐹 = 𝐹𝑒𝑛𝑒𝑟 + 𝐹𝑐𝑜𝑛𝑓 ≈  𝑘𝑇 (𝑣
𝑁2

𝑅𝑒𝑛𝑑
3 +

𝑅𝑒𝑛𝑑
2

𝑁𝑏2
) (3.11) 

where k is the Boltzmann constant, T is the temperature, N is the total number of Kuhn 

monomers in one coil, b is the length of Kuhn monomer (b ≈ 1.5 nm), and v is the excluded 

volume of a Kuhn monomer (v ≈ b3). Rend represents the end-to-end distance for a free-standing 

polymer coil in the solution. The lowest energy in equation 3.11 is obtained when the first order 

derivation, dF/dRend equals to zero. It has Rend = bN. If it is good solvent,  = 0.6. 
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Figure 3.10 | Adsorption process of polymer coils in “dilute” regime. Rg is defined as the 

average square distance between monomers and the polymer’s center of mass in a given 

conformation. 31 Rg has a relationship with Rend: Rend = √6 Rg. Rend is a constant calculated 

by bN0.6 at Cp ≤ Cs, and Rg is a constant in this regime in good solvent. 30,31 At Cs < Cp < C*, 

Rg will continuously decrease due to the repulsive forces produced among the coils until 

C* at which the dimension is the same as in Flory theta solvents, Rend = bN0.5. 22 We assume 

that the coil volume decreases linearly as Cp increases, which decreases Rg by a cube root 

(the green line). The effective volume represents the average volume occupied by each coil 

in the solution. Its effective radius Re depends on polymer molar weight M and 

concentration Cp (see equation 3.18). Re is greater than Rg in “dilute” regime. When the 

concentration reaches C*, Re = Rg 18,24 (the orange line). R// is the longitudinal size of the 

coil after surface adsorption. At Cp < Cc, the polymer chains are completely adsorbed, and 

R// remains constant (the dotted blue line). It has 1/2R// < Re in this regime. When Cp reaches 

a critical concentration Cc, the adsorbed polymer chains connect to their neighbors, R// starts 

to decrease and partial adsorption occurs. From Cc to C*, R// is equivalent to the size of the 

free-standing coil’s effective volume projected on the adsorbent. Therefore, it has 1/2R// = 

Re at Cc ≤ Cp ≤ C* (this relationship is represented by the overlapping dotted blue line and 

orange line). All the curves in Figure 3.10 are obtained by taking PVA1 in water as an 

example. 

The free energy of a polymer coil after adsorption 

When free-standing polymer coils meets an adsorbent, they attempt to attach to absorbent as 

much as possible to gain the adsorption energy. Therefore, polymer coils should be confined to 

compensate for the energy gain by losing conformational entropy. The free energy of an 

adsorbed polymer Fa, p consists of an entropic term and an enthalpic term according to Flory’s 

theory: 31 

𝐹𝑎,𝑝 ≈  kT𝑁 (
𝑏

𝐷
)

5 3⁄

− 𝛿𝑒𝑘𝑇𝑁
𝑏

𝐷
 (3.12) 

At very low polymer concentrations, polymer chains have enough space to spread out in 

solvents and show a “pancake-like” conformation, as shown in Figure 3.10 (the left side of the 

black vertical line). 37,38 However, as the polymer concentration increases (the right side of the 

black vertical line), the chain-chain interaction appears and compresses the adjacently 

adsorbed-chains. We first define a new critical concentration, Cc, below which complete 
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adsorption occurs. Once the polymer concentration is higher than Cc, the coil starts to partially 

adsorb with N* (N* ≤ N) Kuhn monomers on the absorbent and partially protrudes into the 

solution with N-N* Kuhn monomers. The coils’ protruding parts, usually called “loops” for the 

middle segments and “tails” for the end segments, have been thoroughly investigated for 

decades.39 Therefore, there are two situations of polymer coil adsorption in solution. 

a) The free energy of a complete adsorption chain 

For a complete adsorption chain, the free energy after adsorption is exactly calculated by 

equation 3.12. The variation of the free energy showed in equation 3.13: 

𝛥𝐹𝑡𝑜𝑡 = 𝐹𝑎,𝑝 − 𝐹 ≈ [kT𝑁 (
𝑏

𝐷
)

5 3⁄

− 𝛿𝑒kT𝑁
𝑏

𝐷
] − 𝐹 (3.13) 

F is calculated by equation 3.11. In “very dilute” regime, it has Rend = bN  in a good solvent 

to reach the minimum free energy of the coil. Water is usually considered as a good solvent for 

PVA. 40 So, here the free energy of free-standing polymer coil has 𝐹 = 2𝑁1/5𝑘𝑇 . After 

complete adsorption, the thickness D of adsorbed chain can be calculated by 31 

𝐷 =
𝑏

δ𝑒
3/2 (3.14) 

given e = 0.9, it has D = 1.7 nm for completely adsorbed chain. Then the energy gain Fads, 

where 𝐹𝑎𝑑𝑠 = −𝛿𝑒kT𝑁
𝑏

𝐷
, are compensated by its confinement energy Fconf, where 𝐹𝑐𝑜𝑛𝑓 =

kT𝑁 (
𝑏

𝐷
)

5 3⁄

. It has Fa, p = 0, and ∆𝐹𝑡𝑜𝑡 = −𝐹 = −2𝑁1/5𝑘𝑇 . The strictly negative ∆𝐹𝑡𝑜𝑡 means 

that the adsorption of the polymer PVA on to the graphene surface is spontaneous and 

irreversible. It is important to notice that the graphene content increases with the polymer 

concentration Cp at beginning because of the energy gain increase. 

b) The free energy of a partial adsorption chain 

For a partial adsorption chain, the free energy of the adsorbed part Fa, p becomes: 

𝐹𝑎,𝑝 ≈  kT𝑁∗ (
𝑏

𝐷
)

5 3⁄

− 𝛿𝑒𝑘𝑇𝑁∗ 𝑏

𝐷
 (3.15) 

where the N* is the number of adsorbed Kuhn monomers. The more sophisticated bound 

fraction effect and concentration profile as a function of the adsorption energy are not discussed 
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in this chapter, since the polymer concentration and intramolecular interactions remain low. In 

the first approximation, the protruding part is considered as a whole, and its end-to-end distance 

Rend roughly equals R// (Rend ≈ R//), where R//
 is the longitudinal size of the “pancake” as shown 

in Figure 3.10. This approximation is enough to reveal that the protruding part is undergoing 

extension stress and has a size change. When the adsorption size R// decreases, the protruding 

part dimension Rend also decreases, and vice versa. The free energy of the protruding part Fp, p 

is estimated by: 31 

𝐹𝑝,𝑝 ≈ 𝑘𝑇 (𝑣
(𝑁−𝑁∗)2

𝑅//
3 +

𝑅//
2

(𝑁−𝑁∗)𝑏2
) (3.16) 

the variation of the free energy is shown in equation 3.17: 

𝛥𝐹𝑡𝑜𝑡 = 𝐹𝑎,𝑝 + 𝐹𝑝,𝑝 − 𝐹 ≈  kT𝑁∗ [(
𝑏

𝐷
)

5 3⁄

− 𝛿𝑒
𝑏

𝐷
] + 𝑘𝑇 [𝑣

(𝑁−𝑁∗)2

𝑅//
3 +

𝑅//
2

(𝑁−𝑁∗)𝑏2] − 𝐹 (3.17) 

with polymer concentration increasing, F varies from 2N1/5kT to kT because of coils’ size 

change from Rend = bN0.6 to Rend = bN0.5. More specifically, when Cp varies from Cs to C*, the 

corresponding exponent  varies from 0.6 to 0.5. To simplify the calculation, we considered F 

decrease is linear. Ftot depends on polymer concentration Cp and adsorbed thickness D.  

For spontaneous adsorption to occur, both completely adsorbed chains and partially adsorbed 

chains should have an overall free energy change equal or less than 0. The completely adsorbed 

chains have been proved 𝛥𝐹𝑡𝑜𝑡 < 0, however, for partially adsorbed chain, there is: 

𝛥𝐹𝑡𝑜𝑡 = 𝐹𝑎,𝑝 + 𝐹𝑝,𝑝 − 𝐹 ≈  kT𝑁∗ [(
𝑏

𝐷
)

5 3⁄

− 𝛿𝑒
𝑏

𝐷
] + 𝑘𝑇 [𝑣

(𝑁−𝑁∗)2

𝑅//
3 +

𝑅//
2

(𝑁−𝑁∗)𝑏2] − 𝐹 ≤ 0  

The variables in equation (3.17), including N*, D, and R// have a direct relationship with the 

polymer conformation, which is a function of its concentration. The polymer conformation 

before and after adsorption is detailed in Figure 3.10 by showing the four characteristic 

dimension parameter variations: Rg is the gyration radius, Rend is the end-to-end distance, R// is 

the longitudinal size of the adsorbed chain, and Re is the radius of the effective volume of a 

free-standing polymer coil. As previously described, each coil attempts to occupy the absorbent 

surface as much as possible to gain adsorption-free energy. We expect that the polymer’s 

confinement is rapid enough that all of the chains’ intra- and inter-molecular forces reach 

equilibrium, so neither overlap between two adjacent chains nor shrinkage of the longitudinal 
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size occur. We can then estimate the polymer coils’ parameters as a function of the polymer 

concentration. 

The effective radius Re is described by: 18 

𝑅𝑒  ≈  (
3𝑀

4𝜋𝑁𝐴𝐶𝑝
)1/3, (3.18) 

where NA is the Avogadro constant, and M is the polymer molar weight. Pursuant to Flory’s 

theory, the longitudinal size R// of a polymer chain under uniaxial compression with a thickness 

D is a function of the adsorbed Kuhn monomer numbers N*: 31 

𝑅// = 𝑁∗3/4𝑏(
𝑏

𝐷
)1/4 (3.19) 

For complete adsorption (Cp < Cc), the adsorbed Kuhn monomer number N* in equation (3.19) 

equals N. For partial adsorption (Cc ≤ Cp ≤ C*), the longitudinal size of the adsorbed part R// is 

the size of the projection of the polymer coils’ effective volume on the absorbent; thus, it has a 

relationship of 1/2R// = Re as shown in Figure 3.10. Combining equation (3.18) and (3.19) with 

this relationship, R// depends on the polymer concentration Cp and its molar weight M: 

𝑅// ≈ 1.47𝐶𝑝
−1/3𝑀1/3, (3.20) 

where Cp is expressed in mg/mL, M is expressed in g/mol, and the numerical simplification R// 

is expressed in nm. By combining equations (3.19) and (3.20), we deduct the expression of the 

adsorbed Kuhn monomer number N* for one chain: 

𝑁∗ ≈ 1.67𝐶𝑝
−4/9𝑀4/9𝑏−5/3𝐷1/3 (3.21) 

Hereafter, combining equations (3.20) and (3.21) with equation (3.17), ΔFtot is only a function 

of the polymer concentration Cp and the adsorbed thickness D. For partial adsorption (Cc ≤ Cp 

≤ C*), D is no longer constant like complete adsorption, but progressively increases under the 

effect of the protruding part. Ftot depends on the polymer concentration Cp and adsorption 

thickness D for the three PVA samples, which is shown in Figure 3.11. A concave surface of 

Ftot is cut by the Ftot = 0 plane, which can be defined as the energetic adsorption surface. 

Under this plane, the adsorption process is thermodynamically favored and irreversible. 

Obviously, all three PVA can spontaneously adsorb onto graphene within specific 

concentration ranges. PVA1, with the highest molar weight, has the deepest free energy, 
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indicating a high transformation potential. In contrast, the adsorption becomes increasingly 

difficult for PVA2 and PVA3.  

 

Figure 3.11 | Calculated free energy ΔFtot plotted as a function of the polymer concentration 

Cp (mg/mL) and adsorbed thickness D (nm). In the case of real situation, successful 

adsorption is characterized by the thickness (D), which is greater than the polymer’s Kuhn 

length b and smaller than the size of the polymer coil Rend (b < D < Rend). e is 0.9 for (a) 

PVA1 (130000 g/mol), (b) PVA2 (31000-50000 g/mol), and (c) PVA3 (13000-23000 

g/mol).  

The influence of the polymer molar weight can be explained by the fact that more Kuhn 

monomers in the polymer coil cause greater energy gain from the adsorption. Specifically, 

divided Ftot of Figure 3.11 into two parts: Fa, p and Fp, p. Figure 3.12 shows respectively the 

variation of Fa, p and Fp, p for varied Cp and D for PVA1, PVA2 and PVA3. Comparing these 

three PVA, PVA1 with higher molar weight has the deeper free energy Fa, p. This adsorption 

energy gain decreases rapidly when PVA’s molar weight gets smaller for PVA2 and PVA3, see 

Figure 3.12a. Meanwhile, in Figure 3.12b the Fp, p value is similar for all PVA which is just 

shifted to a higher polymer concentration. Therefore, the influence of the polymer molar weight 

can be explained by the fact that more Kuhn monomers in the polymer coil cause greater energy 

gain from the adsorption. 
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Figure 3.12 | Calculated free energy of (a) Fa, p and (b) Fp, p plotted as a function of polymer 

concentration Cp (mg/mL) and adsorbed thickness D (nm) for PVA1, PVA2 and PVA3.  

It is usually difficult to discuss the free energy change of an irreversible process. For further 

discussion, we will focus only on the situation when Ftot = 0, so that the adsorption occurrence 

takes time and maintains equilibrium. In this case, the adsorbed thickness D depending on Cp 

is a loop curve leading two possible trends for D at the same polymer concentration in Figure 

3.11. On the upper side of the curve, the D value beyond the Rend of free-standing polymer coils 

is thermodynamically impossible. On the bottom side of the loop curve, the D value remains 

stable and becomes slightly higher than 1.7 nm under the protruding part’s tensile stress effect. 

Therefore, only the bottom side corresponding to the D value accurately reveals the variations 

in the adsorbed polymer chain and will be considered for further discussion. 
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Figure 3.13 | Calculated adsorbed thickness D and free energy of adsorbed part Fa,p in a 

partially adsorbed chain plotted as functions of the polymer concentration Cp when ΔFtot = 

0. The result of PVA1 (black curves), PVA2 (red curves), and PVA3 (blue curves) are 

plotted. The theoretical values of Cc and C* of three PVA are indicated with the arrows in 

relative colors on the top. 

Figure 3.13 plots the free energy of the adsorbed part of the polymer coils and its thickness as 

a function of Cp for reversible transformation. In this Cp regime, Fa, p is always negative, which 

is the driving force for the adsorption process and shows a peak for all three PVA. In Figure 

3.13, Fa, p first increases, meaning that the energy gain decreases, and the adsorption becomes 

more difficult, which explains why the graphene concentration decreases when Cp increases 

slightly higher than Cc. As Cp increases, Fa, p has a maximum value corresponding to the lowest 

graphene concentration. Fa, p eventually decreases again while the graphene concentration 

increases until C*. Figure 3.13 is compared with the middle section of Figure 3.1b. 

Critical concentration Cc 

In our model, the concentration Cc is the key parameter to cause highly concentrated graphene 

dispersion at the molecular level in the polymer matrixes. In equation 3.21, N*= N make us to 

evaluate the critical concentration Cc: 
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𝐶𝑐 = 3.18𝑁−9/4𝑏−3𝛿𝑒
−9/8𝑀 (3.22) 

Cc corresponds to the onset point where the adsorbed polymer chain starts to connect with its 

neighbors. Theoretically, the adsorption free energy gain is maximum at Cc where high 

graphene concentration was experimentally obtained. Cc is predominated by the energy 

interaction parameter δe and polymer molar weight M. In Figure 3.14, for a given molar weight 

of polymer, the Cc value decreases when e increases.  

 

Figure 3.14 | Calculated Cc plotted as functions with the energy interaction parameter δe. 

And The influence of molar weight of polymer on Cc. Taking examples of three molar 

weight: A with 130000 g/mol, B with 31000-50000 g/mol and C with 13000-23000 g/mol. 

Indeed, the stronger interaction between polymer and adsorbent gives rise to a thin adsorption 

thickness D according to equation 3.14. As a result, the longitudinal size of adsorption part R// 

becomes larger by polymer spreading out to a greater extent, so that the adsorbed chains starting 

to contact each other at a lower Cc. Besides, for the same polymer, a lower molar weight means 

less Kuhn monomers in polymer coil as well as a smaller adsorption size R//. Therefore, the 

adsorbed chains start to contact to each other at a higher Cc. Here we firstly propose the critical 

concentration Cc definition and its calculation method, which gives the first clue for the 

polymer/ solvent couple selection and for the optimization of graphene/ polymer ratio in the 

nanocomposite. 
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For graphene/PVA/water ternary systems, the critical concentrations Cc of PVA1, PVA2, and 

PVA3 are calculated to be 0.1, 0.4, and 1.0 mg/mL, respectively (Table 3.4). The experimental 

values are slightly higher than the calculated values. One reason for this discrepancy could be 

that we assumed water is a good solvent for PVA to simplify this discussion. However, the 

Flory interaction parameters of PVA/water are 0.494 in the volume fraction range of 0-0.15 

under 25°C. 40 This value very close to 0.5 creates indistinct limitations between good solvents 

and “theta” solvents. For the record, in good solvents, the excluded volume of a Kuhn monomer 

v is approximatively equal to b3, and the size of one coil is Rend = bN0.6. But in theta solvents, v 

≈ 0 and Rend = bN0.5. Therefore, the assumption may lead to an overestimation of the coil size, 

especially in “very dilute” regime, which shifts Cc to a lower concentration. Nevertheless, this 

model predicts the Cc value reasonably. 

Table 3.4 | Comparison of the theoretical and experimental results of Cc and C* 

Samples 
Cc, mg/mL C*, mg/mL 

ta eb ta eb 

PVA1 0.1 ~0.3 11.8 ~10.0 

PVA2 0.4 ~1.3 24.8 ~21.3 

PVA3 1.0 ~2.9 41.7 ~37.5 

    aTheoretical results. 

bExperimental results. 

There are some limitations to this model. We cannot simulate the free energy change close to 

Cc and C*. When Cp is slightly higher than Cc, the protruding part contains only a few 

monomers that cannot be extended to the size R//. Otherwise, the energy cost for conformation 

adaptation is infinitely high. On the other hand, when Cp is close to C*, the gradually reduced 

space for each coil cannot contain the increasing protruding monomers while maintaining v = 

b3. Otherwise, the energy cost for conformation adaptation is also infinitely high. Fortunately, 

the two small gaps located at the two extremes of Cc < Cp < C* range in Figure 3.13 do not 

affect the trend. 

This model can be easily extended to all types of 2D material/polymer/solvent systems if only 

physisorption happens on the absorbent. At the same molar weight, the influence of different 

materials is characterized by e as shown in Figure 3.15. When e is too small, e = 0.1, 

adsorption is impossible (Figure 3.15a). Adsorption is easier for ternary systems with high e 

values since Ftot is deeper, demonstrating a higher transformation potential (see equation 3.4). 

http://dict.cn/indistinct
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Therefore, obtaining a value of e as high as possible via choosing or modifying 2D 

materials/polymer/solvent combinations could be a way to achieve a high concentration 

dispersion of layer materials for specific applications. 

 

Figure 3.15 | Calculated free energy ΔFtot plotted as a function of the polymer concentration 

Cp (mg/mL) and adsorbed thickness D (nm). Fixed molar weight M with 130000 g/mol and 

varying adsorption energy parameters: (a) e = 0.1, (b) e = 0.4, and (c) e = 0.7.  

3.6 Summary 

In this chapter, three different molar weight of PVA as stabilizes have been used to disperse 

pristine graphene in water. With increase of PVA concentration, the pristine graphene contents 

in solutions for all those three PVA have showed similar trend, in which there were two peaks 

of graphene contents located at Cc and C* of PVA solution. Based on Flory theory we have 

proposed a model to describe the process of polymer coils adsorbing onto the graphene surface 

in “dilute” regime of polymer solution. From the model, an equation has been developed to 

calculate the free energy variation of this process. Those provide powerful tools to design 

graphene dispersion at the molecular level into polymer matrixes by noncovalent physisorption. 

Moreover, we first introduced the so-called critical concentration, Cc in which a high graphene 

content in low concentration of polymer matrixes can be achieved, which is of interest for 

fabrication of graphene/ polymer nanocomposites. For example, we have prepared a conductive 

flexible membrane using the graphene/PVA1/water solution at Cc, this membrane with 47 wt.% 

graphene exhibits an electrical conductivity of approximately 10 S/m. 
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Chapter 4 

Effect of the oxidation degree of GO on its 

dispersion in PVA/water solution 

Graphite oxide is a graphite derivative displaying different oxygen-based functional groups that 

can form hydrogen bonds with some polymers such as PVA. Compared to pristine graphite 

(PG), graphite oxide also has strong interactions with water, resulting in a higher concentration 

of graphene oxide (GO) nanosheets in the dispersion solution. Thus, tailoring the oxygen 

content on graphene is beneficial to form hybrid composites with enhanced performance. In 

this chapter, two GO with different oxidation degree will be prepared to explore the effect of 

oxidation degree of GO on its dispersion in PVA/water solution. 

4.1 Introduction 

In general, for a two-phase system, a maximized solubility is obtained when the solubility 

parameters of solute and solvent match. 1 In the case of graphene/solvent, a higher graphene 

concentration is obtained by choosing small difference of solubility parameters between 

graphene and solvent. 2 This simple framework used to guide the solvent choice has been well 

proved in most situation. 

When a solvent poorly disperses graphene, such as water, a polymer can be added to the system 

as a stabilizer to assist the dispersion of graphene in such a solvent. The corresponding 

stabilization mechanism involving polymer physisorption in the three-phase system was 

carefully discussed in the last chapter. Interestingly, we have found that the adsorption 

parameter e which is used to calculate the adsorption free energy Fads = -ekT, plays an 

important role during the polymer adsorption process. e can be understood as a combination 

of interactions for graphene, polymer and solvent. When 0 < 𝛿e ≤ 1, the adsorption is weak, 

when 𝛿e > 1, the adsorption is strong, whereas when 𝛿e < 0, the adsorption will not occur. 3 

According to the last chapter, 𝛿e is closely related to the component materials’ intrinsic 

properties which can be characterized by their solubility parameters.  
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𝛿𝑒 =
𝑣𝑜

𝑘𝑇
[(𝛿𝑠 − 𝛿𝑔)2 − (𝛿𝑝−𝛿𝑔)2 − (𝛿𝑝 − 𝛿𝑠)2]  (4.1) 

Equation 4.1 is coming from equations 3.7 and 3.10. Understanding of the effect of component 

materials’ intrinsic properties on e is important. Actually, it can help us to choose the optimized 

composition of graphene/polymer/solvent system according to their aimed applications. May et 

al. have discussed the effect of Hildebrand solubility parameters on graphene dispersion in the 

three-phase system, which is achieved by choosing different polymer in the same solvent. 4 

However, Hildebrand solubility parameter is rather relevant for non-polar interactions, which 

is only Van der Waals forces between species, meaning that this parameter is not adapted to 

mixtures displaying strong polar species with hydrogen bonds. Hansen solubility parameters 

(HSPs) consider the forces between species, including (atomic) dispersion force, (molecular) 

permanent dipole - permanent dipole forces, and molecular hydrogen bonding (electron 

exchange), 5 which can be used to calculate e, and help us to understand the interaction among 

strong polar species. 

In this chapter, graphene oxide (GO) with different oxidation degree, GO1 and GO2, have been 

prepared using modified Hummer’s method, which has been presented in chapter 2. As already 

written, GO nanosheets presenting oxygen-functional groups could generate hydrogen bonding 

with PVA when GO nanosheets are dispersed in water via liquid-phase exfoliation method. 

Therefore, the effect of hydrogen bonding on the interactions between GO, PVA and water 

during the liquid-phase exfoliation will discuss in this chapter. Pristine graphite (PG) with 

almost zero oxidation degree represents reference. 

4.2 Characterizations of PG, GO1 and GO2 

4.2.1 Morphology analysis 

Scanning Electron Microscope (SEM) measurements are used to assess the morphology of the 

raw PG flakes as well as the GO with different oxidation degree. Figure 4.1a shows the raw PG 

flakes’ morphology. By measuring 50 flakes’ size and 30 flakes’ thickness, Figure 4.1b and c 

show that most of PG flakes have about 600-700 µm length and 15-20 µm thickness. The 

morphology of GO1 is presented in Figure 4.1d, and the same statistical analysis to their size 

and thickness are presented in Figure 4.1e and f. By comparing with PG flakes, GO1 ones 

display smaller sizes mostly observed at 500-600 µm length, and their thickness significantly 
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increase to 60-70 µm, even > 100 µm. The light oxidation, corresponding to a graphite: KMnO4 

ratio of 4:1, is supposed to introduce a small amount of oxygen functional groups at the edge 

of the GO1 sheets and some defects within the sheets, 6 which cause an expansion of the layers 

and part of GO1 flakes are broken. Figure 4.1g and h show the morphology of GO2 with a 

deeper oxidation, corresponding to a graphite: KMnO4 ratio of 1:3, we can see that its layered 

form is lost and that all flakes agglomerate after dying.  

 

Figure 4.1 | SEM images of (a) PG flakes, (d) GO1 flakes, (g& h) GO2 aggregates. The 

size and the thickness contributions of (b& c) PG flakes and (e& f) GO1 flakes measured 

by Digital Micrograph 
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4.2.2 Structural analysis 

Figure 4.2 shows the comparison of XRD patterns recorded on raw PG and both types of 

prepared GO. The raw PG presents a main thin peak at 2 = 26.4o for the (002) planes with d-

spacing of 0.335 nm. 7 A broaden peak at 2 = 25.8o is observed for GO1, with an interlayer 

spacing d-spacing of 0.345 nm. Light oxidation causes a graphite lattice distortion and an 

increase in the interlayer distance, which comes from of C=C bonds breakage and the oxygen-

containing functional groups presence. 8 Furthermore, the XRD pattern recorded on GO2 shows 

two reflection peaks at 24.4o and ~10o, which indicates the production of GO with a (002) d-

spacing in plane up to 0.365 nm. This two broaden peaks are related to the presence of more 

oxygen containing groups within the GO sheets, and a transition from an ordered to a disordered 

structure. 8,9
  

 

Figure 4.2 | X-ray diffraction pattern of PG, GO1 and GO2.  

Raman spectra characterization can be used to estimate the carbon materials’ physic properties 

like crystallite size, defects and number of layers. 7,10 Figure 4.3 presents the Raman spectra of 

raw PG and both types of GO. There is a typical intense G band at 1570 cm-1 for PG sample, 

which is attributed to the order scattering of E2g mode. 11 A small D band at 1355 cm-1 is also 
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observed, which shows the presence of some defects in the raw PG. Beside, another peak is 

visible at ~2700 cm-1 which is characteristic of the stacking order and the number of layers in 

graphene. 12 In comparison with raw PG, the D band of GO1 and GO2 displays an apparently 

higher intensity. This variation is ascribed to the introduction of oxygen-containing functional 

groups within the GO samples. 13 On the other hand, the intensity of the 2D band becomes 

broader, demonstrating a decrease in the stacking order due to the oxidation process. The 

Raman intensity ratio ID/IG can be used to evaluate the GO samples’ oxidation degree. For our 

samples, the value of ID/IG are 0.09 (PG), 0.76 (GO1), and 0.90 (GO2). 

 

Figure 4.3 | Raman spectra of PG, GO1 and GO2.  

Figure 4.4 shows FT-IR spectra of raw PG and both types of GO. Obviously, GO1 and GO2 

present a strong and broad peak where two bands overlap: the one at ~3500 cm-1 which 

corresponds to the -OH functional group stretching, and the second at ~3400 cm-1 attributed to 

the hydrogen-bonded water (H-O-H) symmetric stretching. 8 In addition, both GO spectra 

display peaks at 1720 cm-1, 1530 cm-1, 1215 cm-1, 1045 cm-1, and 850 cm-1 characteristic of 

C=O stretching mode (carboxyl/carbonyl), C=C stretching in graphite domains, C-O-C 

stretching, C-O stretching, and =C-H bond, respectively. 7,8,11,14–17 As expected, neither the 
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large signal at ~3450 cm-1 nor signals relative to C=O, C-O-C and C-OH are observed on PG 

sample. 

 

Figure 4.4 | FT-IR spectra of PG, GO1 and GO2. 

4.2.3 Elemental analysis 

Chemical analyses by means of EDS analyses are also performed on the three samples. SEM 

images and EDS elemental mapping of C and O obtained on each sample are proposed in Figure 

4.5. As expected, the PG surface (Figure 4.5a1 and 2) is composed almost entirely of carbon. 

On the opposite, the presence of oxygen is clearly demonstrated on GO samples, and from 

sample GO1 to GO2 (Figures 4.5b2 and 4.5c2), meaning from the least to the most oxidized 

GO, we can see that the oxygen seems increase especially at the edges of GO2 sample, 

demonstrating that the edges are more easily oxidized when graphite undergoes a deeper 

oxidation treatment.  



100 
© [Y. Huo], [2021], Ecole Centrale de Lyon, tous droits réservés 

 

Figure 4.5 | SEM images and EDS elemental mapping of C and O of the samples. (a) PG, 

(b) GO1, and (c) GO2 

In order to accurately confirm the element contents and their chemical states, XPS measurement 

is performed additionally. All spectra display C1s and O1s peaks at around 286 and 532 eV 

respectively. The C1s peak deconvolution allows identifying five carbon environments. The 

majority contribution at 284.4 eV, is attributed to C=C environment from the carbon hexagonal 

structure. In addition to C=C, the carbon region (282-292 eV) also shows the presence of C-C 

(285.5 eV), C-O (286.4 eV), C=O (287.4-287.5 eV), O=C-O (289.0-289.1 eV) and  to * 

satellite bonds (291.4-291.5 eV). 18,19 Concerning the O1s peak presents in the region of 530-

536 eV, it can be deconvoluted as O-C=O (531.3-531.4 eV), C=O (532.5 eV), C-O-C (533.8 

eV), and chemisorbed oxygen (535.3 eV) species. 14,15 (see Figure 4.6)  
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Figure 4.6 | XPS result of PG, GO1 and GO2: (a) C 1s and (b) O 1s 

By measuring the area of each peak in the three samples, the chemical composition can be 

approximately determined. Thus, the raw PG is composed of 97.8% of carbon and 2.2% of 

oxygen. GO1 and GO2, as to them, are composed of 80.5% of C and 19.5% of O, and 64.4% 

of C and 33.4% of O, respectively. The increase in the oxygen content with decreasing the 

weight ratio of PG:KMnO4 is now clearly proved. All information has been resumed in Table 

4.1. 
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Table 4.1 Fitting details in C 1s and O 1s of graphite. 

  C 1s O 1s 

 Peaks C=C C-C C-O C=O O=C-O  to  O-C=O C=O C-O-C 
Chemisorbe

d oxygen 

PG 

BE, eV 284.4 285.5 286.4 287.4 289.0 291.4 531.3 532.5 533.8  

FWHM 1.0 1.0 1.2 1.3 1.3  1.5 1.5 1.5  

Perc, % 97.8 2.2 

GO1 

BE, eV 284.4 285.5 286.4 287.5 289.1 291.4 531.4 532.5 533.8 535.3 

FWHM 1.0 1.0 1.2 1.3 1.3 1.3 1.5 1.5 1.5 1.5 

Perc, % 80.5 19.5 

GO2 

BE, eV 284.4 285.5 286.4 287.5 289.0 291.5 531.4 532.5 533.8 535.3 

FWHM 1.1 1.1 1.2 1.3 1.3 1.3 1.5 1.5 1.5 1.5 

Perc, % 64.6 33.4 

4.3 Results and discussion  

4.3.1 Results 

 

Figure 4.7 | Images of the colloid of PG, GO1 and GO2 dispersing in PVA solution after 

dilution 5 times (x5) for PG and GO1, and no dilution for GO2. Red curves represent UV-

Visible light absorption of PG, GO1, and GO2 at  = 660 nm curve versus PVA 

concentrations 
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Liquid-phase exfoliation of raw PG, GO1 and GO2 in PVA/water solution with varying PVA 

concentration has been carried out. (more details in the synthesis can be found in chapter 2) 

Figure 4.7 shows images of all solutions prepared from PG, GO1 and GO2 with increasing PVA 

concentration. The added red curves of PG and GO1 correspond to UV-Visible absorption 

intensity of each specimen as a function of the polymer concentration measured at wavelength 

 = 660 nm. For both series relatives to PG and GO1, we can see that the color intensity varies 

according to the polymer concentration Cp. Corresponding UV-visible absorption spectroscopy 

data are given on Figure 4.8. The behavior of PG in PVA solution with different concentration 

follows the same trend as the results discussed in chapter 3, meaning that the different 

sonication methods used, sonic bath or sonic tip, has no influence on LPE of graphite in water 

assisted with PVA. However, it appears preferable to use a sonic tip to save time and increase 

the data reproducibility. Actually, the use of a sonic bath needs a longer sonication and since 

the energetic distribution in the bath is unevenly, the reproducibility of the experiments can be 

affected. By now considering results obtained with the GO1 series, we can see that the content 

of GO1 dispersed in solution overall increases with the PVA concentration. Moreover, 

unexpectedly, in the same experimental conditions, the final amount of GO1 always remains 

much lower than the PG one. This trend will be discussed below.  

Figure 4.8 presents the UV-Visible absorption intensity measurements performed on both series 

of PG and GO1 in PVA solution. To avoid the influence of the scattering phenomenon, we have 

used the signal at a λ = 660 nm wavelength. 4 The absorption intensity is linearly proportional 

to the suspended species concentration: A/l = <>C (Beer-Lambert’s law). A is the optical 

absorption intensity, I is the passage length (10 mm), and <a> is the extinction coefficient. Our 

study focused on the variation of PG or GO concentration with Cp in solutions, which is 

positively correlated with the absorption intensity.  
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Figure 4.8 | The UV-visible absorption spectroscopy of solution of (a) PG and (b) GO1 

dispersing in PVA/water with different concentration. 

Unlike GO1, at any time, GO2 is well dispersed in water, and the addition of different amount 

of PVA has no influence on GO2 content in the final dispersion. Observations confirm that 

GO2 are well dispersed in solution without any precipitation occurring after the centrifugation 

process. Interestingly, there is a sol-like to gel-like transition phenomenon occurring at 1 
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mg/mL PVA colloid containing ~4.5 mg/mL GO2 (~81.8wt.% GO2). Figure 4.7 shows a row 

of inverted bottles containing the GO2/PVA/water mixture. When the PVA concentration is 

lower than 1 mg/ml, the mixture retains fluidity and is sol-like state. When it is higher than 1 

mg/mL, the mixture loses its fluidity and becomes gel-like state.  

4.3.2 Discussion  

In the last chapter, we have demonstrated that the polymer-assisted 2D materials’ dispersion 

can be divided into two steps: 1) 2D materials are exfoliated from raw materials; 2) polymers 

adsorb on nanosheets and stabilize them by steric forces. From PG flakes, the excess amount 

of graphene nanosheets can be obtained after ultrasonic sonication in PVA solutions with 

different concentrations. Graphene content is mainly governed by step 2, in which the 

nanosheets are stabilized to varying degrees according to their adsorption free energy of the 

whole system.  

As we have just seen above, in this study, GO1 behaves much differently, since the GO1 content 

dramatically decreases and that GO1 nanosheets cannot be stabilized in most PVA solutions. 

One plausible reason is that GO1 flakes are hardly exfoliated at step 1. To corroborate this 

hypothesis, we have undertaken to characterize the sheets morphology after the dispersion. In 

that way, Figure 4.9 shows the digital and SEM images of the GO1 and PG sediments. Both are 

obtained by drying the bottom sediments separated from the PG or GO1/PVA/water mixture 

after 30 min tip sonication and 90 min centrifugation at 1500 RMP, respectively. PG sediments 

show a flake-destroyed morphology that proves that the nanosheets were well exfoliated even 

if they re-agglomerate after the drying. On the contrary, GO1 sediments keep a flaky form as if 

they have never been exfoliated. By comparing the size and the thickness of the GO1 sediment 

in Figure 4.9 b, c with the initial GO1 in Figure 4.1 e, f, we can see that their size is almost 

unchanged, whereas a part of flakes has increased in thickness, up to 300-400 µm (against 70-

80 µm).  

As conclusion, GO1 are non-exfoliated, only the thickness has increased after the LPE process. 

This could be attributed to the hydrogen bond that form between layers due to the oxygen-

containing functional groups. In that case, the sonication energy cannot overcome the Van de 

Waals force as well as the stronger hydrogen bond between layers, demonstrating that GO1 is 

not relevant for dispersion by using the LPE process, which is limited by the step 1. 
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Figure 4.9 | SEM images of (a) GO1 sediment and (d) PG sediment. (b, c) The size and 

thickness distributions of GO1 sediment. (e) Digital image of GO1 and PG sediment. 

Literature widely reports that GO with a high oxidation degree can be well dispersed in water 

without assistance of stabilizers, 20–23 In the case of exfoliation of GO2 in PVA solutions, we 

have shown that GO2 content is not affected by the PVA concentration anymore. Based on the 

theory proposed in the last chapter, we have shown that polymer can stabilize 2D materials 

thanks to the adsorption energy parameter, e, which corresponds to the Hansen Solubility 

Parameters (HSP) of each specimen. In fact, the biggest difference of HSP between PG and 

GO2 is hydrogen bonding h contribution. Table 4.2 listed HSP of GO2, PVA and water. 

Comparing with h = 7.7 of PG, h of GO2 becomes 15.7. 

Table 4.2 The Hansen solubility parameters of GO2, PVA and water. 5,24–26 

 d p h 

GO2 17.1 10.0 15.7 

PVA 17.0 9.0 18.0 

Water 15.5 16.0 42.3 
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e = s- is reported in section 3.5 of the last chapter, according to two equations as following: 

𝜒 =
𝑣𝑜

𝑘𝑇
(𝛿𝑝 − 𝛿𝑠)2  (4.2) 

𝜒𝑠 =
𝑣𝑜

𝑘𝑇
[(𝛿𝑠 − 𝛿𝑔)2 − (𝛿𝑝 − 𝛿𝑔)2]  (4.3) 

If using Hansen solubility parameters, the formula is converted to the form as: 

𝜒 =
𝑣𝑜

𝑘𝑇
[(𝛿𝑑,𝑝 − 𝛿𝑑,𝑠)

2
− 0.25(𝛿𝑝,𝑝 − 𝛿𝑝,𝑠)

2
− 0.25(𝛿ℎ,𝑝 − 𝛿ℎ,𝑠)

2
]  (4.4) 

s is also expressed in the same way. All the terms of these equations are defined section 3.5. 

Then  it is possible to determine e = 0.2 for GO2/PVA/water ternary system. This value 

expresses the fact that it is harder to exchange a water molecule in contact with the GO2 surface 

in water reference by a PVA monomer with equivalent size from the pure PVA reference phase. 

The reason is that the hydrogen bond contribution h of GO2 makes both the interaction of 

GO2-water and GO2-PVA stronger. Unfortunately, the adsorption model of PG/PVA/water 

built in the last chapter is not applicable to GO2/PVA/water system, because one PVA chain 

could interact with two or more GO2 nanosheets at the same time by forming cross-linking sites 

through hydrogen bonds. 27 Figure 4.10 represents the schematic representation of the 

interaction between specimens of GO2/PVA/water solution with different PVA concentration. 

In Figure 4.10a, only GO2 nanosheets dispersed in water presented a sol-like state, which 

indicates that 4.5 mg/mL GO2 is not enough to produce a completely cross-linked network 

structure through the hydrogen bond between the GO nanosheets. When GO2 dispersed in the 

PVA/water solution with a lower PVA concentration (0.05-0.5 mg/mL), these PVA chains 

could connect with GO2 nanosheets by forming hydrogen bonds, resulting in the increase of 

the mixture’s viscosity. However, limited PVA chains are not enough to form 3D networks with 

the nanosheets, shown in Figure 10b, thereby it is still a sol-like state. Once PVA concentration 

is higher than 1 mg/mL, the 3D networks starts to be built, the mixture transited from sol-like 

to gel-like state, shown in Figure 10c. 
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Figure 4.10 | Schematic diagram of the interaction between specimen of GO2/PVA/water 

solution in different situation: (a) GO2/water, (b) GO2/PVA/water in the state of sol-like, 

and (c) GO2/PVA/water in the state of gel-like.  

4.4 Conclusion 

In this chapter, two GO with different oxidation degree have been prepared by the modified 

Hummers’ method. By liquid-phase exfoliation, PG, GO1 and GO2 have been exfoliated in 

PVA/water solutions. Results have shown that GO1 with a lower oxidation degree is more 

difficult to exfoliate in PVA/water solution than PG. Actually, GO1 displaying in flaky form 

has formed hydrogen bond between layers, which cannot be overcome by ultrasonic energy. 

On the contrary, GO2 with a higher oxidation degree not only decorated by a large number of 

oxygen-containing functional groups but also lost its flaky form, thus they can be exfoliated 

easily in water. Furthermore, GO2/PVA/water has a transition from sol-like to gel-like state 

with PVA concentration increasing. When PVA concentration is over than 1 mg/mL, the 

amount of PVA chains is enough to connect to all GO2 dispersed nanosheets via hydrogen 

bonds, making the GO2/PVA/water begin to show a gel-like state. 
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Chapter 5 

Electrochemical properties of PVA/GO2 

hybrid aerogel for electrochemical capacitor 

application 

Graphene-based aerogels are expected to be good candidates for electrode materials used for 

Electrochemical capacitor (EC). 1 In this chapter, a series of PVA/GO2 hybrid aerogels will be 

fabricated by a freeze-drying process directly using PVA/GO2 dispersions displaying different 

content of PVA (prepared in chapter 4). Then FTIR, XRD, SEM will be used to characterize 

their structure. Their electrochemical performance will be revealed by Cyclic Voltammetry 

(CV), Galvanostatic Charge Discharge (GCD), and Electrochemical Impedance Spectroscopy 

(EIS). 

5.1 Introduction 

Nowadays, with the development of global economy, problems induced by the exhausted 

source of fossil fuels and the environmental pollution become more and more serious. In order 

to meet human needs for clean energy, the environmentally friendly energy storage devices are 

being developed progressively. 2,3 Electrochemical capacitors (EC) are good candidates to be 

coupled with batteries for applications in portable devices and electrical vehicles because of 

their high power density and long-term cycle life. 4,5 GO decorated with oxygen-containing 

functional groups has low conductivity, thus it is theoretically considered not suitable for 

directly serving as electroactive material in EC. 6 However, Yang et al. have proved that the 

presence of oxygen-containing functional groups can provide to GO additional surface faraday 

reactions. Actually, GO displays a specific capacitance up to 189 F g-1, as well as a great rate 

performance and outstanding cycle durability compared to graphene.7 On the other hand, GO 

with large surface area has been expected to enhance the charge storage through an electric 

double layer capacitance (EDLC) mechanism.  
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Although, as it was shown in the last chapter, GO presents a better dispersibility in solvent than 

graphene and allows to considerably avoid the stacking of layers during its processability, trend 

that can usually weaken its electrochemical performance. 8 Polymer can play a role of spacer to 

expand the interlayer distance between graphene-based nanosheets. For instance, PVA, which 

presents many hydroxyl functions can form interfacial hydrogen bonds with the oxygen-

containing functional groups of GO, resulting in a better homogenization when processed as 

composite. 9 Moreover, PVA/ GO hybrid composites have been considered to possess excellent 

mechanical properties. 10–12  

In the last chapter, we found that GO2 in PVA aqueous solution displayed a good dispersibility, 

and a transition phenomenon of sol-like to gel-like with PVA concentration increasing has been 

observed because of the cross-link forming between molecules and nanosheets. These as-

obtained PVA/GO2 dispersions will be directly processed into PVA/GO2 hybrid aerogels by 

freeze-drying technique. The preparation process of aerogels has been presented in chapter 2. 

Their electrochemical properties for EC application will be studied. 

5.2 Characterizations of PVA/GO2 hybrid aerogels 

5.2.1 FT-IR 

Figure 5.1 shows FT-IR spectra recorded on all PVA/GO2 hybrid aerogels samples as well on 

pure PVA. 
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Figure 5.1| FT-IR spectra of PVA/GO2 hybrid aerogels with different content of PVA. 

The broad and strong peak at ~3200 cm-1 belongs to O-H stretching vibration of carboxylic acid 

and absorbed water. 13,14 Vibrational bands at 1720 cm-1, 1570cm-1, 1210 cm-1 and 1045 cm-1 

are attributed to C=O stretching mode of carboxyl/carbonyl, C=C skeletal stretching mode in 

graphite domains, C-O-C and C-OH stretching mode, respectively. 14–17 In pure PVA sample, 

the stretching vibration of -OH is characterized as a broad and strong absorption at 3000-3700 
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cm-1 due to the intermolecular and intramolecular hydrogen bonding. 18 The absorption peak at 

~2920 cm-1 is attributed to the C-H stretching mode vibrations 19 Another two peaks at ~1465 

cm-1 and ~1087 cm-1 represent -CH2- bending and C-O stretching vibrations in PVA. 20–22 

Increasing the amount of PVA within the sample from beginning to 5.0PVA/GO2 leads to a 

shift of the C=O vibration band of GO2 from 1720 cm-1 to 1735 cm-1, meaning that the presence 

of PVA causes a breakage of the intramolecular hydrogen bonds between GO2 nanosheets. 23 

Over than 5.0PVA/GO2, the samples mainly exhibit the characteristic peaks of PVA, the peak 

of the C=O vibration band of GO2 almost disappears. As a rule of thumb, the O-H stretching 

vibration is sensitive to hydrogen bonding. As observed in Figure 5.1, the O-H stretching peak 

is overall shifted to a higher wavenumber when the PVA content increases within the sample, 

which furthermore indicates that the incorporation of PVA inhibits the hydrogen bond between 

GO2 nanosheets, as well as GO2 nanosheets break the hydrogen bonds between the hydroxyl 

groups of PVA molecules. The hydroxyl groups from PVA chains reform hydrogen bonds with 

oxygen-containing functional groups on the GO2 nanosheets. 13,18 With the increasing amount 

of PVA, the interaction between PVA and GO2 is enhanced, which is helpful for building 3D 

networks and enhancing external force in aerogels. 

5.2.2 XRD 

The phase structure of PVA/GO2 aerogels with different PVA content and pure PVA powder 

are analyzed through XRD. Patterns are shown in Figure 5.2. 



116 
© [Y. Huo], [2021], Ecole Centrale de Lyon, tous droits réservés 

 

Figure 5.2 | XRD pattern of PVA/GO2 aerogels with different content of PVA. 

Pure GO2 aerogel displays a diffraction peak at 2 = 10.5o identified as the (001) crystal planes 

with an interlayer spacing of 0.842 nm.24 With the gradual increase in PVA within PVA/GO2 

composites, the (001) diffraction peak is shifted to lower 2 value until 

2 =  for PVA/GO2. The corresponding interlayer spacing value increases from 0.842 

nm to 1.177 nm. (all data are proposed in Table 5.1) 
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Table 5.1 XRD analysis of PVA/GO2 aerogels 

Samples 
(001) crystal face of GO2 

 
(101) crystal face of PVA 

2 () d-spacing (nm) 2 () d-spacing (nm) 

Pure GO2 10.5 0.842 - - 

0.05PVA/GO2 9.8 0.901 - - 

0.15PVA/GO2 9.7 0.908 - - 

0.25PVA/GO2 9.6 0.919 - - 

0.30PVA/GO2 9.5 0.927 - - 

0.50PVA/GO2 9.0 0.973 - - 

1.0PVA/GO2 8.0 1.100 - - 

1.25PVA/GO2 7.5 1.177 - - 

2.5PVA/GO2 - - 18.2 0.486 

5.0PVA/GO2 - - 18.9 0.469 

7.5PVA/GO2 - - 18.9 0.469 

10.0PVA/GO2 - - 19.0 0.467 

12.5PVA/GO2 - - 19.2 0.461 

Pure PVA - - 19.5 0.454 

This feature indicates the PVA polymer chains can successfully be intercalated between GO 

nanosheets, promoting the GO dispersion at a molecular level after freeze drying. With the 

further increase in PVA content, the interlayer spacing is further increased. Actually, the (001) 

diffraction peak is no longer visible , suggesting the absence of direct GO-GO packing mode in 

the hybrid aerogels due to the wrapping of nanosheets with PVA polymer chains. 25,26 On the 

opposite, the characteristic peak at 2 =  (d-spacing = 0.486 nm) of (101) crystal planes 

of the semi-crystalline PVA starts to appear in 2.5PVA/GO2 sample.13 Furthermore, with the 

increase in PVA content, this peak is shifted to a higher value closing to that expected for pure 

PVA. The corresponding interlayer spacing value being decreasing from 0.486 nm for 

2.5PVA/GO2 to 0.461 nm of 12.5PVA/GO2, reveals a stronger interaction among PVA 

macromolecules. 

5.2.3 SEM 

SEM images in Figure 5.3 show the morphology of PVA/GO2 hybrid aerogels with different 

PVA content.  
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Figure 5.3 | SEM images of PVA/GO2 hybrid aerogels with different content of PVA. (a) 

pure GO2, (b) 0.25PVA/GO2, (c) 0.5PVA/GO2, (d) 1.0PVA/GO2, (e) 2.5PVA/GO2, (f) 

5.0PVA/GO2, (g) 10.0PVA/GO2 and (h) 12.5PVA/GO2. Digital photos of two examples 

of (i) 0.5PVA/GO2 and (j) 5.0PVA/GO2 
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In Figure 5.3a, the pure GO2 aerogel displays the GO sheets stacked together without any 

expansion of layers. When a very small PVA incorporated into GO, the interlayer spacing is 

supposed to be larger, which was proven by XRD characterization. However, in SEM images 

of Figure 5.3b, this intercalation cannot be observed, the morphology of 0.25PVA/GO2 sample 

looks like that of pure GO2. This could be ascribed to that too small interlayer expansion cannot 

be displayed in SEM images. When PVA content increases to 0.5 mg/mL, in Figure 5.3c, it 

tends to show the expanded state of the nanosheets. Then, with the continuous increase in PVA 

content, the PVA/GO2 hybrid aerogels exhibit an interconnected 3D network with more PVA 

covering the nanosheets. (Figure 5.3 d-h) Figure i and j represent two digital photos of samples 

0.5 PVA/GO2 and 5 PVA/GO2. Shaped with a small amount of PVA, aerogel maintains the 

characteristics of that prepared with GO, while by incorporating a large amount of PVA, aerogel 

shows the characteristics like those of the polymer. 

To conclude on the characterization of this series of samples, FT-IR, XRD and SEM results 

provide a reliable explanation to prove the existence of hydrogen bonds between GO-GO, PVA-

PVA, and GO-PVA. Samples containing a high content of PVA display a 3D network structure. 

Therefore, PVA polymer chains play a role of spacer in samples prepared with low PVA content, 

and a cross-linking intermediate in the samples synthesized with a higher PVA content. 

5.3 Electrochemical performance 

Since graphene-based aerogels are expected to be good candidates for electrode materials used 

in EC,1 the electrochemical performance of the PVA/GO2 hybrid aerogels have been measured 

to confirm their interest in this application field. Figure 5.4 compares Cyclic Voltammetry (CV) 

curves recorded on all the sample with a scan rate of 50 mV s-1 with a potential window of -

0.8-0.0V (vs. Ag/Ag/Cl). In general, a larger integrated CV area indicates a faster current 

response on potential reversal, thus demonstrating the faster carriers’ transfer speed and the 

better electrochemical performances. In Figure 5.4a, the hybrid aerogels containing a small 

PVA content (0.05, 0.15, 0.25, 0.3, 0.5) display bigger loop areas compared with pure GO2, 

indicating a high specific capacitance. However, 1.0PVA/GO2 and 1.25PVA/GO2 show the 

area close to pure GO2, demonstrating that more PVA addition weakens their specific 

capacitance. On the second graph (Figure 5.4b) the area of the samples containing higher PVA 

contents (2.5, 5.0, 7.5, 10.0, 12.5) dramatically decrease, indicating a low specific capacitance. 
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In order to minimize experimental errors, measurements have been reproduced 5 times on each 

sample. They exhibit a variation of CV curves comparable to Figure 4a and b. 

 

  

Figure 5.4 | CV curves of samples at scan rate of 50 mV s-1: (a) pure GO2, 0.05PVA/GO2, 

0.15PVA/GO2, 0.25PVA/GO2, 0.3PVA/GO2, 0.5PVA/GO2, 1.0PVA/GO2, and 

1.25PVA/GO2, (b) pure GO2, 2.5PVA/GO2, 5.0PVA/GO2, 7.5PVA/GO2, 10.0PVA/GO2, 

and 12.5PVA/GO2 
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Moreover, the CV curves exhibit rectangular shape, illustrating typical of double layer charging. 

However, their shapes with distortion could be attributed to the following factors: i) Equivalent 

Series Resistance (ESR) for the real capacitors, and ii) the surface faradaic reactions due to the 

existence of abundant oxygen functional groups on GO2, shown in Scheme 1. 24, 27 ,35, 36 

 

Scheme 1 | The proposed surface faradic redox reaction on the aerogels 

Figure 5.5 displays the galvanostatic charge-discharge (GCD) measurements recorded on all 

hybrid aerogels in the potential window of -0.8-0.0 V (vs. Ag/Ag/Cl) at a current density of 1 

A g-1.  
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Figure 5.5 | The GCD behavior of electroactive materials at the same current density of 1 

A g-1. (a) pure GO2, 0.05PVA/GO2, 0.15PVA/GO2, 0.25PVA/GO2, 0.3PVA/GO2, 

0.5PVA/GO2, 1.0PVA/GO2, and 1.25PVA/GO2,  (b) pure GO2, 2.5PVA/GO2, 

5.0PVA/GO2, 7.5PVA/GO2, 10.0PVA/GO2, and 12.5PVA/GO2. 

The non-symmetric triangular shape is the sign of irreversible faradaic reactions (such as 

hydrogen evolution reaction). 28 As expected, incorporating a small PVA content (0.05, 0.15, 

0.25, 0.3, 0.5 mg/mL) within GO makes discharging and charging time longer than that of pure 

GO2 sample. (see Figure 5.5a) However, 1.0PVA/GO2 and 1.25PVA/GO2 show that their 

discharging and charging time begins to close or be less than that of pure GO2 sample. When 

PVA content is increasing (2.5, 5.0, 7.5, 10.0, 12.5), Figure 5.5b, the discharging and charging 

time of the hybrid aerogels become shorter than for pure GO2 sample. 

The specific capacitances (C, F g-1) of working electrode can be calculated from galvanostatic 

discharge curves according to:  

𝐶 =  
𝐼 ×∆𝑡

𝑚 ×∆𝑉
 (5.1) 

Where I (A) is the discharge current, t (s) is the discharge time, m (g) is the mass of 

electroactive materials on single electrode, and V (V) is the total potential change. Figure 5.6 

presents the averagely calculated specific capacitance of PVA/GO2 hybrid aerogels electrodes 
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as function of PVA content. 5 GCD measurements at a current density of 1 A g-1 for each sample 

have been carried out. 

 

Figure 5.6 | The calculated specific capacitance of PVA/GO2 hybrid aerogels electrodes 

as function of PVA content. 

Pure GO2 sample presents a specific capacitance of 131 (±11) F g-1. With a small PVA’s 

assistance, 0.05, 0.15, 0.25, 0.3, 0.5 mg/mL, the specific capacitance increases to 203 (±16), 

170 (±14), 176 (±13), 179 (±10), 207 (±5) F g-1, respectively. When PVA content is 1.0 and 

1.25 mg/mL within samples, the specific capacitance is getting closer to that of pure GO2 

sample, becoming 141 (±10) and 120 (±15) F g-1. As soon as PVA content is over than 1.25 

mg/mL in the hybrid material, its specific capacitance dramatically decreases lower than that 

of pure GO2 samples. 

In order to better understand the rate performance of PVA/GO2 hybrid aerogels, the 

electrochemical impedance spectroscopy (EIS) is used to investigate the kinetic characteristic 

of the ions transport in electrodes.  
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Figure 5.7 | Impedance Nyquist plots of the pure GO2 aerogel and the PVA/GO2 hybrid 

aerogels containing a small PVA content of 0.05, 0.15, 0.25, 0.3, and 0.5 mg/mL 

A Nyquist plot is a parametric plot of a frequency response used in automatic control and signal 

processing. The frequency is swept as a parameter, resulting in a plot per frequency. In our case, 

the Nyquist plots based on a frequency response from 100KHz to 0.1 Hz which is recorded in 

Figure 5.7 are from right to left. All samples exhibit light arcs in the high frequency range and 

straight lines in the low frequency range. At high frequency range, the semicircle’s diameter is 

related to the charge transfer resistance. 29,30 The hybrid aerogels with low PVA content exhibit 

smaller semicircle diameters than this measured on pure GO2 sample, indicating a lower ionic 

and electron charge transfer resistance at the electrolyte/ electrode interface. 31 The low quantity 

of PVA intercalated in GO nanosheets induces an increase in the distance between layers, 

facilitating the efficient transport of electrolyte ions within GO nanosheets surface and shorten 

the path of ions diffusion across. 32 At low frequency range, the straight lines of PVA/GO2 

electrode are overall steeper than that of pure GO2 sample, implying faster ion migration and 

closer ideal capacitors’ behaviors. 33,34  

The capacitive enhancement enabled by PVA can be attributed to a spacer effect. According to 

the structure characterizations of FTIR and XRD, the distance in GO layers gradually enlarges 

with increase in PVA content thanks to hydrogen bonds which interconnect GO nanosheets and 
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PVA molecules. Such PVA/GO2 hybrid aerogels provide bigger inner surface area for the 

transport and adsorption of electrolyte ions, and expose more oxygen-containing functional 

groups, which could result in a great contribution of EDLC and the capacitance from faradic 

reactions. Nevertheless, though excess amount of PVA presence can cause porous structure 

with obvious 3D network cross-link as shown in SEM images proposed in Figure 5.3, a large 

number of PVA molecules present on the GO surface weakens the contribution from GO’s 

surface faradaic reactions, resulting in a lower capacitance. On the other hand, excess amount 

of PVA induces larger resistance, decreasing electron conductivity. 31  

5.4 Conclusion 

A series of PVA/GO2 hybrid aerogels with different PVA contents have been prepared by a 

freeze-drying process. PVA can intercalate between GO layers by forming hydrogen bonds to 

expand the distance between the layers, even forming an interconnected 3D network when PVA 

content increases a lot. Using these samples as electroactive materials for electrochemical 

capacitor, we can prove that hybrid aerogels containing low PVA content, from 0.05 to 0.5 

mg/mL, exhibit an electrochemical performance improvement compared to pure GO2 sample. 

The reason is that low amount of PVA induces a spacer effect on hybrid aerogels, facilitating 

the transport and the adsorption of electrolyte ions, and exposes more oxygen-containing 

functional groups. Furthermore, it improves the contribution of both EDLC and capacitance 

from surface faradic reactions. However, by introducing an excess amount of PVA, meaning 

over 1.25 mg/mL, electrochemical performances start to decrease. Actually, samples exhibit 

unsatisfactory performance because active oxygen functional groups are covered by PVA 

molecules inducing a larger resistance.  
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General conclusion and prospects 

In this thesis, our objective was to prepare a high-concentration graphene aqueous dispersion 

incorporating a polymer by liquid-phase exfoliation technique, to be used as a starting material 

to fabricate composites applied in energetic storage fields. To date, it is still a challenge to 

disperse graphene in water because of its hydrophobic behavior. Strategies, like the use of a 

polymer as stabilizer or the introduction of oxygen-based groups within graphene, have been 

proven to be effective to increase the nanosheets’ concentration and their dispersible 

stabilization in aqueous media. 

Polymer can assist the pristine graphene dispersion in water. Developing a stable high 

concentration graphene dispersion with a minimal amount of polymer stabilizer needs 

considerable efforts to maximally preserve graphene properties. In chapter 3, we have 

demonstrated that pristine graphene dispersion in water could be obtained by using different 

PVA concentrations. Two maximum graphene contents at Cc and C* in PVA solution have been 

observed. Especially at Cc, the ratio of graphene in polymer can reach up to 47 wt.% when left 

24 h in a sonication bath and 85 wt.% if the duration is extended to one week. Based on Flory 

theory we have proposed a model to describe the process of polymer coils adsorption onto the 

graphene surface in a “dilute” regime of polymer solution. From this model, an equation has 

been developed to calculate the free energy variation brought by this process. This provides 

powerful tools to design graphene dispersion at the molecular level into polymer matrixes by 

noncovalent physisorption. 

Graphite oxidation followed by LPE was the second considered route to allow the dispersion 

of large quantities of GO nanosheets in water. GO is typically defective, tailoring the oxygen 

content within graphene nanosheets is a way to optimize its properties and dispersibility. In 

chapter 4, we have found that a low oxidation degree treatment (GO1) would make GO more 

difficult to exfoliate than pristine graphite during the LPE process. This was attributed to the 

fact that hydrogen bonds occurring between the layers can be hardly overcame by ultrasonic 

energy. On the other hand, GO with a higher oxidation degree (GO2) can be exfoliated easily 

in water. Hence, it was possible to disperse 4.5 mg/mL of GO2 nanosheets in a PVA/water 

solution after 30 min sonication by using a tip. A deeper oxidation makes GO to lose its flaky 

form and to become hydrophilic. In solution, the hydroxyl groups from PVA chains can form 

hydrogen bonds with oxygen-containing functional groups on GO2 nanosheets, with PVA 
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concentration increasing, more PVA chains connect with GO2 nanosheets to build a 3D 

network. Therefore, there is a transition from sol-like to gel-like state, which happens when the 

PVA concentration is over than 1 mg/mL. 

GO has been proved very useful in applications as composites. In chapter 5, we have directly 

used GO2/PVA/water mixtures obtained in chapter 4 to process a series of hybrid aerogels 

containing different PVA contents by a freeze-drying way, and as-obtained samples have been 

applied in electrode materials of electrochemical capacitors. Characterizations by means of FT-

IR, XRD, and SEM recorded on the hybrid aerogels indicate that hydrogen bonds exist between 

GO-GO nanosheets, PVA-PVA chains, and GO nanosheet-PVA chain. PVA polymer chains 

play a role of spacer in the samples containing low PVA concentrations and can be considered 

as an intermediate to cross-link the nanosheets and chains forming a 3D network structure in 

samples containing high PVA concentrations. Furthermore, CV and GCD have been employed 

to explore hybrid aerogels’ electrochemical performances. Results have shown that hybrid 

GO2/PVA aerogels containing a low PVA content, from 0.05 to 0.5 mg/mL, exhibit an 

electrochemical performance improvement compared to pure GO2 sample. Combining with 

EIS results, it was explained that a low amount of PVA induced a spacer effect on hybrid 

aerogels, facilitating the transport and the adsorption of electrolyte ions, and exposed more 

oxygen-containing functional groups, improving the contribution of both EDLC and the 

capacitance from surface faradic reactions. However, introducing an excess amount of PVA, 

over than 1.25 mg/mL, covers considerably GO nanosheets inducing a larger resistance, thereby 

they exhibit unsatisfactory electrochemical performance.  

In the next decade, graphene will still find commercial applications in many fields, which 

require industrial-scale production of pristine graphene as liquid dispersion. Polymer as 

stabilizer can noncovalently attached to graphene surface preventing interlayers’ stacking, 

thereby increasing graphene concentration. Such graphene exfoliated in the presence of a 

polymer represents an ideal starting material for composite preparation. To date, many studies 

have been reported on this strategy, however, the mechanism involved in the stabilization of 

graphene by polymer intermediates was for the first time exhaustively discussed in this thesis. The 

model of PVA adsorbed on graphene surface in chapter 3 can be easily extended to all types of 2D 

material/polymer/solvent systems if only physisorption happens on the absorbent. At the so-called 

critical concentration Cc, a high 2D material content in a low polymer concentration can be 

achieved, which is of interest for the fabrication of other 2D material/polymer composites to 

preserve 2D material’s properties. Based on our model and theory, there is still a lot of room 
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for discussion and exploration. On the other hand, fully oxidized graphene destroys the structure 

of graphene, generally hindering its applications as conductive materials. Therefore, tailoring 

the oxygen content on graphene is important for graphene properties and dispersibility 

optimization. In chapter 4, only two kind of GO were prepared, which include 19.5% and 33.4% 

of oxygen. Finer tuning in the oxidation degree of graphene should be extended by modifying 

experimental conditions according to the literature, thus it is possibility to optimize the 

oxidation degree of graphene incorporating polymer to fabricate composites applied in specific 

fields. Finally, the hybrid aerogels containing a low amount of PVA have been well used as 

electrode material for electrochemical capacitor in chapter 5. However, for those containing a 

large amount of PVA, according to the literature, such porous graphene-based aerogels really 

have a great potential to be used as adsorption materials in the field of wastewater treatment. 
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Appendix 

Definitions of Terms and Symbol Used in the Text 

Cp Polymer concentration 

Cc Critical concentration defined by us 

C* Overlap concentration 

Cs Boundary concentration that divides the “dilute” solution into the “very dilute” solution 

k  Boltzmann constant 

T  Temperature  

b  Length of Kuhn monomer (1.5 nm for PVA) 

N  Number of Kuhn monomers of one coil 

v  Excluded volume between two Kuhn monomers, and v ≈ b3 

Rend  End-to-end distance of a polymer coil 

R//  Longitudinal size of adsorbed polymer chain  

N* Number of adsorbed Kuhn monomers for partial adsorption chain 

NA Avogadro constant 

M Molar weight of polymer 

D  Thickness of the adsorbed part of polymer chain 

ekT  Energy gain per Kuhn monomer on absorbent 

e  Adsorption energy parameter 

  Flory-Huggins’ polymer-solvent interaction parameter 

s  Polymer-surface interaction parameter 

l  Length of one repeating unit 

n  Number of repeating units in one Kuhn monomer 

Ftot  Free energy change of whole system during adsorption process 

Fa, p Free energy of adsorbed part  

Fp, p  Free energy of protruding part 

F  Free energy of the coil in free-standing state before adsorption 

[]  Intrinsic viscosity of polymer  

upp,  Potential-energy for polymer-polymer contact  

uss  Potential-energy for solvent-solvent contact  

ups  Potential-energy for polymer-solvent contact 
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v0  Solvent molecular volume, v0 = 30 Å3 for water 

δd  Dispersion solubility parameter 

δp  Polar solubility parameter 

δh Hydrogen bonding solubility parameter 

z Coordination number 

C Specific capacitances 

I Discharge current  

t Discharge time 

m Mass of electroactive materials 

V Total potential change 
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Abstract 
In the past decades, graphene and graphene-based two-dimensional (2D) materials have 

received increasing interest for various applications such as energy storage, conductivity 

materials, catalytic reactions, biotechnology, etc. Liquid-phase exfoliation (LPE) is one of the 

most promising techniques at the industrial scale. The resulting nanosheets colloidal solution 

can be easily applied as a starting material to the preparation of nanocomposites. Commonly, 

graphene can be slightly dispersed in specific organic solvents which are generally harmful to 

environment and difficult to be removed. However, due to its hydrophobic behavior, it is hardly 

dispersed in water. To circumvent this issue, the polymer assisting LPE has been investigated 

within this thesis. Using a polymer, like PolyVinyle Alcohol, as stabilizer not only helps 

graphene dispersion but allows at the same time to get a wearable and biocompatible composite 

matrix. Here, it was aimed to optimize the graphene/ polymer ratio via polymer concentration 

control. Understanding the assistance mechanism paths the way for any other 2D material/ 

polymer/ solvent system application. Besides, the oxidation degree of the graphene is another 

important factor impacting on the graphene dispersibility in water media. The affinity between 

the polymer coils and the graphene oxide forms a 3D network, causing the gelation with the 

increasing polymer concentration. By using a freeze-drying process, the resulting graphene 

oxide/ polymer aerogel can be obtained that shows interesting properties to be used as 

electrochemical capacitor electrode.  

Key words: graphene, graphene oxide, polymer, liquid-phase exfoliation, nanocomposite 

Résumé  
Au cours des dernières décennies, le graphène et ses dérivés, en tant que matériaux 2D, ont 

suscité un intérêt croissant pour diverses applications telles que le stockage de l'énergie, la 

catalyse, l’électronique ou encore la biotechnologie. Les solutions colloïdales de graphène 

exfolié représentent des « précurseurs » de premier choix pour la préparation de 

nanocomposites à base de graphène. L'exfoliation en phase liquide (LPE) reste l'une des 

techniques les plus prometteuses à l'échelle industrielle pour la production de telles solutions. 

Cependant, le caractère hydrophobe du graphène ne permet pas une exfoliation en solvant 

aqueux et ce n’est qu’en présence de solvants organiques, potentiellement nocifs et difficiles à 

éliminer qu’on arrive actuellement à le disperser en faible concentration. Pour contourner ce 

problème, nous avons étudié dans cette thèse un procédé d’exfoliation en phase liquide assisté 

par la présence d’un polymère, l’alcool polyvinylique (PVA). Le PVA utilisé comme 

stabilisateur, aide non seulement à la dispersion du graphène mais permet, dans le même temps, 

d'obtenir un matériau nanocomposite. Afin d’optimiser le rapport graphène/polymère et obtenir 

une dispersion fortement chargée en graphène il a été mené une étude sur la compréhension du 

mécanisme d’adsorption du polymère sur ces feuillets. Les résultats fondamentaux présentés en 

fonction de la concentration en polymère, permettent d’envisager la synthèse et l’utilisation de 

tout autre système matériau 2D / polymère/ solvant. Par la suite, le degré d'oxydation du 

graphène étant un autre facteur d’importance, son impact sur la dispersabilité du graphène dans 

l'eau a été étudié. L'affinité accrue des chaines polymères pour le graphène oxydé provoque la 

gélification du réseau 3D avec l'augmentation de la concentration en polymère. Enfin, au moyen 

d’un procédé de lyophilisation, la préparation de plusieurs aérogels graphène oxydé/polymère 

ont été élaborés et il a été montré l’intérêt de ces matériaux comme électrode de 

supercondensateur.  

Mots clés : graphène, graphène oxydé, polymère, L'exfoliation en phase liquide, nanocomposite 


