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Abstrakt 

 

Grafenové aerogely, trojrozměrné porézní struktury sestávající se z navzájem 

propojených grafenových vrstev, byly detailně studovány od roku 2010, jako jedno z 

potenciálních řešení pro využití vlastností grafenu v makroměřítku. Tato práce se 

zaměřuje na výzvy spojené s vývojem robustních 3D grafenových aerogelů pomocí 

bezšablonové metody přípravy. Tato metoda využívá na začátku oxid grafenu, který je 

převeden na 3D strukturu kovalentně zesíťovaného grafenu s póry vyplněnými vzduchem. 

Práce nabízí praktické řešení pro zlepšení reprodukovatelnosti výrobní metody obrácením 

stárnutí prekurzorů oxidu grafenu pomocí kyslíkového plazmatu. Jsou zkoumány účinky 

různých teplot žíhání grafenových aerogelů. Je prokázáno, že vysokoteplotní žíhání, při 

teplotách >1300 °C, umožňuje úplné odstranění kyslíku a vytvoření kovalentního zesítění 

mezi jednotlivými grafenovými listy v aerogelech. Takto připravené aerogely vykazují 

výjimečně vysokou elasticitu v tlaku i tahu a zároveň největší měrnou mez kluzu v tlaku, 

která byla dosud pozorována u jakéhokoli materiálu. Nekonvenční elastické chování 

v tlaku je vysvětleno analytickým modelem, který je založen na výjimečné flexibilitě 

jednotlivých atomárně tenkých grafenových vrstev. Grafenové aerogely navíc vykazují 

nezvyklé tlumení se schopností tlumit mechanické vibrace během nanosekund. Grafenový 

aerogel také vykazuje jednu z nejvyšších elektrických vodivostí uváděnou u 

trojrozměrných grafenových materiálů a jednu z nejnižších tepelných vodivostí u pevných 

látek. Kombinace výjimečných mechanických, elektrických a tepelných vlastností je 

využita v několika praktických aplikacích. Grafenové aerogely jsou použity k výrobě 

ultrarychlých, citlivých a širokorozsahových hmatových senzorů. Široký rozsah pracovní 

zátěže a tlaku umožňuje pokrýt celý rozsah lidské činnosti v rámci jednoho senzoru. 

Senzory navíc vykazují zanedbatelnou hysterezi, díky které je lze použít pro měření 

deformace a současně s tím i tlaku. Senzory využívají nový detekční mechanismus 

založený na měření kontaktního odporu, který přináší několik výhod pro využití 

v biomedicínských aplikacích, nositelné elektronice a robotice. Grafenový aerogel je 

nakonec použit jako ohnivzdorný materiál, který vykazuje nekonvenční odolnost vůči 

plamenu se samozhášecí schopností až do 1500 °C. Všechny tyto výsledky ukazují, že 

vysoce kvalitní grafenové aerogely jsou jedinečnou třídou materiálů, které mohou 

zachovat některé jedinečné vlastnosti grafenu, a současně přinášejí mnoho vzrušujících 

příležitostí, pro vývoj nových funkčních materiálů a zařízení. 
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Abstract 

 

Graphene aerogels, three-dimensional porous structures consisting of interconnected 

graphene layers, have been deeply studied since 2010 as one of the solutions for utilizing 

graphene properties on a macroscale. This thesis focuses on the challenges associated 

with developing robust and elastic 3D graphene aerogels using a template-free synthesis 

method. The method starts with graphene oxide which is converted into a 3D structure of 

covalently cross-linked graphene with air-filled pores. The thesis provides a practical 

solution for improving the reproducibility of the fabrication method by reversing the ageing 

of graphene oxide precursors using oxygen plasma. The effects of different annealing 

temperatures of graphene aerogels are investigated. It is demonstrated that high-

temperature annealing at temperatures > 1300 °C enables the complete removal of 

oxygen and the creation of covalent cross-linking among individual graphene sheets in the 

aerogels. The as-prepared graphene aerogels exhibit exceptionally high compressive and 

tensile elasticity and the largest specific compressive yield strength observed in any 

material so far. The unconventional elastic behavior in compression is explained by an 

analytical modular origami bending model which is based on the exceptional flexibility of 

individual atomic graphene layers. Additionally, the graphene aerogels show anomalous 

damping with the ability to damp mechanical vibrations within nanoseconds. The graphene 

aerogel also exhibits one of the highest electrical conductivity reported in three-

dimensional graphene materials and one of the lowest thermal conductivity in solid-state 

materials. The combination of exceptional mechanical, electrical and thermal properties is 

used in several practical applications. The graphene aerogels are used for the fabrication 

of ultrafast, sensitive, and broad-range tactile sensors. The wide working strain and 

pressure range enable it to cover the whole human bodily action range within a single 

sensor. Additionally, the sensors demonstrate negligible hysteresis, which can be used for 

simultaneous strain and pressure measurement. The sensors utilize a novel sensing 

mechanism based on contact resistance detection, which brings several advantages for 

the development of sensors in biomedicine, wearable electronics, and robotics. Finally, 

graphene aerogel is used as fire resistant material, demonstrating unconventional 

resistance to flame with self-extinguishing properties up to 1500 °C. All these results show 

that high-quality graphene aerogels are a unique class of materials that can preserve some 

of the unique properties of graphene yet provide many new exciting possibilities for 

developing novel functional materials and devices.  
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1 Introduction 

 

1.1 Introduction 

Graphene is a two-dimensional material consisting of sp2 hybridized carbon atoms, which 

are interconnected into a hexagonal honeycomb lattice.1 It has been deeply studied by the 

scientific community since its discovery in 2004,2 thanks to its incredible physical 

properties,1 which can be used in practical applications such as transistors,3 batteries,4,5 

sensors,6,7 protective coatings,8,9 and many others. These unique physical properties 

originate from graphene’s atomic structure. The lattice structure of graphene has a 

hexagonal symmetry characterized by the D6h point group. The unit cell contains two 

carbon atoms. Each carbon atom has 6 electrons. The core orbital 1s contains 2 electrons, 

and the valence orbitals 2s and 2p contain 4 electrons. The electrons in the valence 

orbitals participate in the sp2 hybridized carbon-carbon bonding. The hexagonal 

arrangement in the 2D plane allows forming 3 covalent σ bonds with 3 neighboring carbon 

atoms using the hybridized 2s orbital with two 2p orbitals. The last 1 electron in the third 

2p orbital remains unchanged as a π orbital. The resulting sp2 carbon-carbon bonds in 

graphene are stronger than in sp3 hybridized diamond because the bonds are shorter and 

have more s orbital character. The π orbitals are responsible for the unique electronic 

properties of graphene. As the experimentally prepared graphene samples are not perfect, 

there is a huge variation in published results. The broad range of mechanical, electrical, 

and thermal properties of graphene materials originates from the crumpling, wrinkling, 

rippling, presence of defects (mainly point defects and single vacancy), dopants, 

adsorbates, the influence of substrate, or different preparation and measurement 

methods.10–15 

Graphene possesses exceptional mechanical properties such as stiffness, strength, 

elasticity, and toughness. The mechanical properties of graphene are a direct result of the 

strong sp2 carbon-carbon bonding. The Young’s modulus of graphene measured using an 

atomic force microscope was reported in the range of hundreds GPa to 1 TPa.16 The 

measurement of elastic behavior provided the intrinsic strength value in the range of 50-

130 GPa at 10-25% of strain.17 Graphene demonstrated elastic response even at the 

nonlinear part of the stress-strain curve. This elastic behavior is unique because usual 

materials such as steel are elastic only within the linear range of the stress-strain curve. 
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The electrical properties of graphene are influenced by the bonding and anti-bonding of 

π orbitals and benefit from the zero-overlap semimetal characteristics. Graphene exhibits 

electrical conductivity in the range of 105-106 S.m-1, which was measured by the four-probe 

method or using conductive atomic force microscopy.18–20 Additionally,  the carrier mobility 

achieves over 20 × 104 cm2.V-1.s-1.21,22 As mentioned above, every imperfection in the 

atomic structure affects the physical properties of graphene. This fact is used in 

straintronics, where a stimulated deformation by mechanical strain leads to a reversible 

(only in the elastic region of deformation) change of graphene electrical properties.23 

Electrical properties of graphene can also be tuned using dopants, adsorbed molecules, 

liquids, etc.24–26 

The thermal conductivity of graphene is also governed by the strong sp2 covalent bonding. 

The thermal conductivity of graphene was determined using Raman spectroscopy, owing 

to the high sensitivity of the G band to the change of temperature.27 Graphene exhibits a 

thermal conductivity in the range of 3000-5000 W.m−1.K−1.28,29 The thermal conductivity of 

graphene is dominated by phonon transport,30,31 and can be modified by doping, 

functionalization, etc.32,33 

Despite its unique properties and possibility of real applications, graphene also has many 

disadvantages. Most of its properties stem from an ideal defect-free structure,14 which is 

difficult to prepare cheaply in large quantities. The handling of atomically thin material is 

complicated and there is a risk of damaging it during manipulation or transfer from a 

substrate. For many applications, it would be desired to create a 3D structure from 

graphene that would be mechanically robust for manual handling and replicate the unique 

properties of graphene. An intuitive option is to add graphene as an additive to other bulk 

materials. Graphene additives have been shown to improve the properties of many 

materials,34 but their mechanical strength and elasticity are still far from the values of 

graphene. Another way is to prepare 3D material directly from graphene layers. Graphite 

can be considered as one of many possible arrangements of 3D graphene structure. 

However, graphite has very strong anisotropy of the physical properties because of the 

weak van der Waals bonds between the individual layers and strong covalent sp2 bonds 

in the plane of graphene.35 Ideally, graphene layers in 3D structure should be connected 

by the same covalent bonds as in graphene, avoiding weak van der Waals bonding.  

The main objective of this dissertation thesis is to explore novel possibilities for utilizing 

the extraordinary properties of graphene in 3D graphene structures (Figure 1.1). The 

thesis exploits the synthesis of free-standing graphene materials arranged into a 
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3D porous structure and investigates their mechanical, electrical, and fire-resistant 

properties. It shows that mechanically stable macroscopic graphene aerogels made of 

covalently cross-linked networks of graphene sheets can be experimentally prepared. 

Their properties preserve some of the characteristics of graphene, but they differ in some 

aspects significantly. The thesis summarizes the most important results of the 

experimental characterization of the graphene aerogels using mechanical and electrical 

testing, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and Scanning 

electron microscopy (SEM). It also provides new insights into the fundamental 

understanding of the observed phenomena, particularly in the role of defects and 

impurities on the superelasticity and fire resistance of the materials. Moreover, it explores 

possible practical applications of the graphene aerogels in electromechanical sensors and 

fire resistant materials, providing new avenues for the development of novel devices in 

engineering, electronics, and biomedicine. 

 

Figure 1.1 Schematic of a transformation of graphene into a mechanically robust 3D graphene 

structure with unknown mechanical (E), electrical (σ), and thermal (k) properties. 

 

1.2 Synthesis of 3D graphene based structures 

In recent years, several methods for 3D graphene structure synthesis have been 

reported.36 These methods can be divided into two major groups: (i) templated synthesis 

and (ii) template-free methods. Each of the methods has its advantages and 

disadvantages, as described below. The as-prepared 3D graphene structures are called 

graphene aerogels if the liquid component of the gel is replaced with air. Other terms 

include graphene foams, sponges, or 3D graphene. Most of these methods start from solid 

or gas precursors. Graphene oxide (GO) has been the most used solid precursor for 

synthesizing 3D graphene structures. 
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1.2.1 Graphene oxide 

Graphene oxide is an oxidized form of graphene containing various oxygen functional 

groups such as hydroxyl, carboxyl, and epoxy groups bonded all over the graphene 

plane.37 This combination of different bonds leads to the mixture of sp2 and sp3 hybridized 

carbon atoms in GO. The oxygen groups additionally make GO hydrophilic,38 which 

enables GO to be dispersed in water or polar solvents. The huge number of oxygen groups 

also acts as a potential place for the chemical functionalization of graphene. Except for all 

these properties, which are extremely important for the synthesis of 3D graphene 

structures, GO also possesses many other interesting properties. For example, GO can 

have good dielectric properties (depending on its structure and carbon to oxygen ratio), 

which can be used in memristors,39 membrane gas or ion separation,40 and sensors41. 

Most importantly, GO might be used as an intermediary in the large-scale production of 

graphene.42 

The basic and most used strategy for synthesizing GO is the Hummers method, or 

nowadays the Tour’s method.43,44 These methods are based on the oxidative treatment of 

graphite. The Hummers method starts with a piece of graphite immersed into a mixture of 

potassium permanganate, sulfuric acid, and sodium nitrate.43 The reaction takes place for 

8-12 hours, and then the unreacted parts of the mixture are neutralized using a solution of 

H2O2.43 The resulting GO has a C/O ratio of 2-3.46 The disadvantage of this method is the 

creation of environmentally unfriendly NOx molecules during the reaction. The Tour’s 

method is presented as an eco-friendly modification of the Hummers method. In this 

process, the graphite is immersed in a mixture of potassium permanganate, sulfuric acid, 

and phosphoric acid, which is kept in an ice bath.44 The reaction proceeds for 12 hours, 

while the mixture is stirred and kept at 50 °C.45 The mixture is poured on ice, and the 

neutralization is done in the same way as in the Hummers method. The Tour’s method is 

more yielding and environmental-friendly, producing GO with a lower C/O ratio than the 

Hummers method.47 

The number and dimensions of GO layers and the ratio of carbon to oxygen along with 

the ratio of different oxygen groups are the main parameters monitored when using GO 

as the starting material in the synthesis of 3D graphene structures. The change in the 

composition of GO has been found to strongly affects the properties of the resulting 

3D graphene structures. 
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1.2.2 Templated synthesis of 3D graphene structures 

The templated synthesis methods are based on growing a material according to the 

pattern of a template. Once the structure is grown, the template is removed, and the 

structure is free-standing. Choosing and manufacturing the right template is a crucial part 

of the templated synthesis. There are either hard (metallic and polymeric foams or ice 

crystals) or soft (bubbles, organic droplets) templates, which are used in different template 

methods. The template methods can be divided into chemical vapor deposition (CVD), 

dip-coating,48 and freeze-casting methods.49 The common disadvantage of these methods 

is the need for the template, which can negatively affect the resulting structure and 

properties of the fabricated graphene materials. 

 

Chemical vapor deposition 

The CVD synthesis method is an analogy of graphene’s most commonly used synthesis 

technique of graphene layers on surfaces, with the difference of using a porous substrate. 

The porous substrate serves as a template, which determines the structure and porosity 

of the resulting graphene foams.50 The method utilizes catalytic metal, such as Ni or Cu, 

which allows controlling the number of graphene layers using the concentration of the 

carbon source. The first graphene foam synthesis was done by Chen et al.,51 who used Ni 

foam as the template and CH4 as the carbon precursor at 1000 °C. The as-prepared 

graphene foam followed exactly the structure of the Ni foam template, resulting in 

continuous graphene sheets over the whole surface of the template, without any 

aggregation.51 

Generally, the CVD method produced graphene foams that have the most similar 

structural properties out of all 3D graphene structures to graphene.52 On the other hand, 

the CVD processes are costly and require expensive equipment. Therefore, other 

templated methods, such as dip-coating (covering the substrate with GO/polymer 

suspension) and freeze-casting, are more favorable.  

 

Freeze-casting method 

The freeze-casting method is the most used fabrication method for 3D graphene 

structures out of the template synthesis group because of its simplicity. In this method, ice 

crystals act as the template and prevent the GO sheets from creating random 
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connections.49 An aqueous GO suspension is frozen, and the phase separation between 

GO sheets and ice causes the GO sheets to be trapped between the growing ice 

crystals.53 Once the sublimation of the ice happens, the porous structure is prepared. The 

shape of the porous structure can be tailored by controlling the directions of freeze-casting. 

Unfortunately, the number of graphene layers cannot be controlled using this method. This 

method can be further improved by introducing a second template in the form of air 

bubbles.54 The air bubbles are created via mixing the GO suspension with a surfactant. 

The bubbles are isotropically distributed in the solution and let the GO sheets to self-

assemble into a hydrogel. The self-assembled hydrogel can be dried using freeze-casting 

or other drying methods to create a graphene aerogel. Air bubbles cause circular holes 

into the ordered structure created via freeze-casting.54 

 

1.2.3 Template-free methods 

Without the presence of a template, a 3D graphene structure can be formed using various 

random self-assembly processes of GO sheets.55 These methods are relatively cheap and 

allow controlling the density of the 3D structure via the concentration of GO in the 

suspension. The pore size can be affected by the temperature of freeze-drying. 

Reproducing the self-assembled structure can locally lead to some differences in 

properties, but overall properties remain the same throughout the whole material. In all 

these methods, the porous structure is random, and the number of graphene layers can 

be controlled only in a limited fashion. 

 

Hydrothermal synthesis 

The widely used method utilizing GO self-assembly is hydrothermal synthesis. This 

method is based on the self-assembly of GO layers at higher temperatures and pressure.56 

The process starts with a suspension of GO. In the suspension, individual layers of GO 

contain a lot of functional groups whose electrostatic repulsion is in balance with the van 

der Waals attraction.57 The balance is broken by ultrasonication and the gelation begins. 

High temperature (around  200 °C) and high pressure are necessary to begin and control 

reduction processes, the gelling rate, and the integrality of the gel.58 Once the hydrogel is 

formed, the drying technique (freeze or supercritical) is used to replace the solvent with 

air to create the graphene aerogel. This method is used for the synthesis of 3D graphene 

structures in this thesis (Chapter 3). 
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Chemical reduction 

The chemical reduction uses the help of reducing agents such as ascorbic acid, hydrazine, 

NaHSO3, ethylene diamine, and other acids or bases (H2O2).59,60 These reduction agents 

are mixed with GO solution. Unlike the hydrothermal method, the reduction agents 

decrease the temperature and pressure necessary for the self-assembly of GO sheets into 

the hydrogel to temperatures below  100 °C and down to atmospheric pressure. The last 

step involving the transition of the hydrogel to aerogel is the same as for the hydrothermal 

methods. The as-prepared graphene aerogels are usually highly porous and possess low 

density.61 

 

Cross-linking 

The cross-linking method is introduced to improve the mechanical stability of the final 

graphene aerogel using various cross-linking agents.62 These agents increase the 

strength of bonds between GO sheets in the process of gelation. The GO sheets are 

usually linked via hydrogen bonding, π-π and electrostatic interactions. The cross-linking 

agents are of 3 types: increasing hydrogen bonds (HCl), polymerizing (polyvinyl alcohol, 

formaldehyde, resorcinol), and ion linkings (Ca2+, Mg2+, Cr3+, etc.).63,64  

The GO suspensions are stable in water until the pH of the solution is decreased. 

Decreasing pH using hydrogen bonding or ion linking agents induces breaking of the 

GO sheets, weak electrostatic repulsion, and the bonding of hydrogen atoms into 

carboxyls.65 This leads to an increase in hydrogen bonding between GO sheets or ion 

cross-linking of GO sheets. 

The polymerization is caused by the combination of cross-linking agents, where the first 

agent reacts with the oxygen-containing groups of GO sheets. The second agent, usually 

polymer, creates a link between different GO sheets.65 The metal ion acts as a link 

between GO sheets via the creation of a bond to the sheet. Once the GO suspension is 

prepared, the procedure is similar to the hydrothermal method. 

These three methods are the same concerning the required laboratory equipment and 

differ only in the composition of GO suspensions. All of them allow tuning the density of 

the graphene aerogel via the concentration of GO in the suspension. Moreover, they 

enable the formation of different graphene aerogel shapes as the container used during 

the gel formation determines the final shape of the aerogel. The chemical reduction and 
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cross-linking methods introduce contamination into the final aerogel. Different additives 

can be used to increase the mechanical stability of graphene aerogel materials using this 

method. In contrast, graphene aerogels prepared via the hydrothermal method consist of 

only carbon and oxygen because only GO and solvent (mostly water) are used as 

precursors. If required, mechanical stability improvement can be made using post-

synthesis treatments, such as thermal annealing. 

 

3D printing 

In recent years 3D printing technology has been adapted for many applications, including 

industrial material preparation. The crucial step for graphene aerogel preparation using 

3D printing is the viscosity of the ink.66 The ink is prepared from the usual GO solution 

mixed with additives such as polymers, SiO2, CaCl2, etc., which helps to achieve the 

desired viscosity.67,68 This GO based ink is applied through the nozzle, and the printed 

structure is dried to form the aerogel. 

This technique, unlike the previous template-free methods, allows controlling the 

morphology of the structure and large-scale production. On the other hand, the 

concentration of GO in the ink is fixed during the whole printing process. Therefore, there 

is no easy way to tune the final density of the materials. Moreover, the ink contains other 

elements. Thus, the graphene aerogel also contains other elements besides carbon and 

oxygen. 

 

Figure 1.2 Schematic of 3D graphene structure synthesis. Chemical vapor deposition (CVD) and 

template-free methods (Hydrothermal and Cross-linking) using graphene oxide (GO) are shown. 
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1.3 Graphene aerogels 

Aerogels are porous materials prepared by replacing the liquid component of a gel with 

gas without destroying their structure.69 The porous structure is open with pores of 

dimensions in the range of 1 nm to  100 µm. Therefore, the aerogel contains, in terms of 

volume, more than 95% of air.69 Due to a large amount of air in the structure, the aerogels 

reach extremely low densities, close to the air density (1.2 mg.cm-3).70 In addition to low 

density, aerogels also have extremely low thermal conductivity and a large specific surface 

area.71 

Graphene aerogels have already been prepared by all the methods described above. The 

as-prepared graphene aerogels are open porous 3D materials exhibiting the following 

properties: large surface areas (> 1000 m2.g-1),58 tunable porosity (from 1 nm to hundreds 

of µm),62,72 ultralow densities (down to 0.16 mg.cm-3),73 extremely low thermal conductivity 

(< 4.7 × 10-3 W.m-1.K-1),75 compressibility (> 99%),74 and high electrical conductivity 

(900 S.m-1).49 The above-mentioned numbers in brackets represent the highest reported 

values for graphene aerogels in the literature up to now, but it is important to note that a 

single graphene aerogel sample has not been able to exhibit these properties all at once. 

 

1.3.1 Mechanical properties 

The mechanical properties of 3D graphene structures are dependent on the density, 

porosity, pore size, arrangement of graphene sheets, type and number of interconnections 

between graphene sheets, and the number of graphene layers.76–80 These properties are 

defined during the synthesis. Therefore, the selection of the right preparation method is 

crucial for the resulting properties of the 3D graphene structures. The comparison of the 

reported compressive and tensile yield strength and corresponding strain and density 

within the different graphene and graphene composite aerogels, graphene foams, and 

other types of aerogels are shown in Table 1.1. Compressive and tensile yield strength is 

defined as the maximal stress at which the material is still elastic. Despite more than 

10 years of studying graphene aerogels, the yield strength in compression has not yet 

been determined in these materials.81 This might be because the usual hydraulic press 

can apply only pressures up to 1 GPa.81 The mechanical testing showed a significant 

hysteresis in compression for many aerogels, revealing a parasitic non-elastic contribution 

to the elasticity in most of the materials.82 Tensile testing has been successful only for 

CVD growth graphene foams, where the highest tensile strain of 17.5% at a stress 
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of  255 kPa has been reported for graphene foam prepared by CVD,77 but the properties 

in compression are very poor.  

So far, there is no report of tensile testing of pure graphene aerogel in the literature. This 

is because the tensile elasticity and strength of 3D graphene structures reported so far 

have been governed by the weak coupling of individual graphene sheets and a high 

number of defects in the materials.58,83 Nevertheless, there are also reports in the literature 

promising exceptional tensile behavior of 3D graphene composites. But in these cases, 

the graphene is usually just an additive to rubbers that are originally highly stretchable. 

These composites show the maximum elongation of around tens of percent, with the 

exception of the multi-walled carbon nanotubes mixture with graphene aerogel.84 This 

report shows 200% elongation, but the material withstands only 14% strain in 

compression. These results reveal that the preparation of highly elastic and strong 

3D graphene structures that would sustain both high compressive and tensile strain is 

difficult. 

 

Figure 1.3 Mechanical properties of graphene aerogels. Comparison of compressive (a) and tensile 

(b) specific yield strength of different materials (graphene aerogels (GS181 GS277), binary carbon 

aerogels (bCA84), graphene, diamond, carbon nanotube (CNT), stainless steel, polymers, and 

rubbers) as a function of the maximum elastic strain. 

 

To compare the mechanical properties different graphene aerogels with well-known bulk 

materials, specific strength needs to be defined. The specific strength is the compressive 

and tensile yield strength related to the density. The results measured in this thesis 

(Chapter 4) with the maximum values of graphene aerogels/foams from the literature are 
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compared with those of steel, polymers, rubbers, and the highest reported values for 

graphene, diamond, and carbon nanotube. This comparison of specific strength is shown 

in Figure 1.3a,b as a function of the maximum elastic strain. The specific compressive 

strength of the graphene aerogel prepared in this thesis (GA) is comparable to that of 

graphene. However, the GA can be compressed up to more than 90% of strain, while 

graphene’s elasticity ends at only 1% of strain. In tensile, the specific strength of the GA 

prepared in this thesis is similar to the stainless steel but has an order of magnitude larger 

elastic strain.  

 

1.3.2 Electrical properties 

The electrical conductivity of 3D graphene structures depends, similarly to graphene, on 

the quality of the material and, in addition, on the quality and type of interconnections 

among the individual graphene layers. A comparison of electrical conductivity of different 

3D graphene structures is in Table 1.1. The least defective structure is graphene foam 

prepared by CVD methods.85 On the contrary, graphene aerogels prepared from individual 

GO flakes are usually characterized by a huge number of defects and interconnections.52 

This is also reflected in the resulting electrical conductivity of the materials using these two 

methods. The high electrical conductivity of CVD graphene foams (up to 1000 S.m-1) is 

related to the high temperature used in the growth because higher temperature allows the 

formation of higher crystallinity.85 To achieve higher conductivity of graphene aerogels 

prepared from GO in this thesis, annealing at a high temperature was performed to remove 

defects and increase the crystallinity (Chapter 3). In addition, annealing can increase the 

number of bonds between the graphene layers, which also helps to increase electrical 

conductivity.82 The dependence of electrical conductivity on the annealing temperature 

was measured for graphene aerogel prepared by chemical reduction.58 The electrical 

conductivity was increased 5 times by increasing the annealing temperature from 

1000 °C to 2500 °C.58 Different reducing agents (NaHSO3, Na2S, HI, ascorbic acid, and 

hydroquinone) have been used in chemical reduction synthesis to investigate the effect 

on the electrical conductivity of as-prepared graphene aerogel.86 It was found that using 

hydroiodic acid and NaHSO3 leads to significantly higher values of electrical conductivity.86  
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Table 1.1 Mechanical and electrical properties of 3D graphene structures, where graphene 

aerogels were prepared via template-free methods and graphene foams via templated synthesis. 

Graphene-composite aerogel is a hybrid of graphene aerogel with other compounds. 

 

Mechanical 

Electrical 

 

Compression Tension 

 

 

Density 

(mg.cm-3) 

Stress 

（kPa） 

Strain 

(％) 

Stress 

（kPa） 

Strain 

(％) 

Conductivity 

(S.m-1) 
Ref. 

G
ra

p
h

e
n

e
 a

e
ro

g
e
ls

 

6-8 4 500 000 92 550 68  
This 

work 

1.15 100 90 - - 0.4 87 

8 700 99 - - 100 88 

6 1000 99 - - 130 89 

5.8 1 057 000  99.8 - - 17 81 

123 1200 90 - - 278 90 

G
ra

p
h

e
n

e
 c

o
m

p
o

s
it

e
 a

e
ro

g
e

ls
 

5.7 2.5 14 2 200 1000 84 

2.32 94.5 50 - - 11.7 91 

3 4.3 50 - - 2.5 92 

6 5 50 - - 16 93 

13.2 6 60 - - 0.2 94 

5.8 10 95 - - 34.8 95 

0.16 6 50 - - 0.6 73 

92 231 99.6 - - - 96 

6.7 58 80 - - - 74 

14.1 25 80 - - 6.7 97 
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G
ra

p
h

e
n

e
 f

o
a
m

 
69.7 - - 1190 4 - 77 

11 500 8 255 17.5 - 77 

5.1 - - - - 1000 85 

5.1 18 80 - - 12 83 

 

1.3.3 Applications 

As mentioned above, 3D graphene structures exhibit unique mechanical, thermal, and 

electrical properties, which can be used in a wide range of applications, such as 

piezoresistive sensors 98, thermal insulators 99, electrodes in batteries 100, and 

supercapacitors 101, absorption of pollutants 102 and so on.  

 

Absorption of pollutants 

Lack of drinking water threatens today’s society with increasing environmental pollution. 

Various porous materials are already used as pollutant cleaners of water, where the main 

requirement is specific pore size. As mentioned, the pore size of graphene aerogels can 

vary from nm to hundreds of micrometers depending on the type of preparation. In 

addition, graphene aerogels are hydrophobic, which makes them suitable for absorbing 

oils from water.103 Due to different pore sizes and hydrophobicity, graphene aerogels have 

been demonstrated to have a higher adsorption capacity compared to other types of 

absorbers.104 

 

Energy storage 

Efficient energy storage is one of the main challenges for today’s society. Batteries and 

supercapacitors provide an attractive solution for energy storage. However, their efficiency 

and energy/power density needs to be significantly improved to compete with fossil fuels. 

The efficiency of batteries and supercapacitors relies mainly on the properties of the 

electrodes.105 Electrodes should have a high surface area, high electrical conductivity, 

good mechanical stability, and low cost. In batteries, electrodes are the place where the 

intercalation/insertion or ion transfer processes can happen. To support these processes, 
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electrodes should be porous, elastic, and conductive. Graphene aerogels fulfill all of these 

basic requirements, so they are great candidates for the development of advanced 

electrodes in supercapacitors and batteries. 

 

Sensors 

The human-machine interface and skin monitoring are currently very important for 

extending the use of robots and sensors that monitor bodily functions. A highly sensitive 

sensor with a wide dynamic range is required for these applications. Human body activities 

manifest themselves in a wide range of pressures. Low pressures from 0.2 to 10 kPa are 

characteristic of a gentle wrist pulse, intraocular pressure, and finger pressure.106,107 High 

pressures from 10 to  500 kPa for activities related to standing and sitting 

movements.106,108,109 Despite great advances in materials research, a material with similar 

properties as found in biological tissues has not yet been achieved on a large scale.110 

Current tactile sensors only operate in a certain range of pressures, so they cannot detect 

the entire variety of human bodily actions.111,112 More sensors are needed to detect all of 

them, which is highly impractical.  

In recent years, 3D graphene structures have been tested for tactile sensor applications 

due to their good electrical conductivity and piezoresistivity under compression.111,113–115 

A comparison of the response time and the maximum detectable pressure of various 

sensors is shown in Figure 1.4. The response time of the sensor studied in this thesis 

(Chapter 5) is demonstrated to be several orders of magnitude faster than the other 

sensors based on 3D graphene structures reported so far.113,116,117 Moreover, the 

response time is even faster than sensors working on the base of other materials such as 

composites of CNT,118,119 metal nanoparticles,120,121 graphene transferred on 

polymer,122,123 or porous sponges.124,125 The  GA sensors react faster and in a wider 

pressure range than other previously reported sensors. The only comparable sensor in 

terms of the response time is a laser-scribed graphene aerogel,126 which provides fast 

response only at pressures in the range of 50-113 kPa. 
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Figure 1.4 The response time of graphene aerogel strain sensors. Comparison of the response 

time and maximum pressure limit of the graphene aerogel sensors with different strain sensors 

based on graphene aerogel (GS3113, GS4117, GS5116), carbon nanotube (CNT), and other materials. 

 

A comparison of different characteristics of pressure sensors based on 3D graphene 

structures is given in Table 1.2. The gauge factor is defined as the ratio of relative electrical 

resistance change (ΔR/R0) to mechanical strain (ε), and the sensitivity is the ratio of 

relative current change (ΔI/I0) to applied pressure difference (ΔP). If there are multiple 

numbers in the column gauge factor or sensitivity, it means a bilinear response of a sensor. 

It is shown that the sensor reported in this thesis (Chapter 5) is better in all characteristics 

than all the other 3D graphene based sensors, except for the CVD grown graphene foam 

strengthened with PDMS.116 This sensor is comparable in terms of the gauge factor and 

the range of detectable pressures. However, our sensor has the possibility of sensing in 

compressive (up to 1.18 MPa) as well as tensile (0.55 MPa) regimes within a single sensor 

and incredibly high sensitivity in both regimes. 
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Table 1.2 Comparison of graphene aerogel sensors with other reported strain-gauge sensors 

based on graphene aerogels. Graphene-composite aerogel is a hybrid of graphene aerogel with 

other compounds. The range of strain and pressure, where the Gauge factor and Sensitivity are 

applied, is mentioned in brackets. 

 Sensing type Gauge factor 
Sensitivity 

(kPa-1) 

Response 

time (ms) 
Ref. 

G
ra

p
h

e
n

e
 a

e
ro

g
e
ls

 

Compression 
11.6 (0-10%) 

0.38 (10-80%) 

53500 (0-8 kPa) 

12200 (0.008-1.18 MPa) 
0.52 

This 

work 
Tension 

0.6 (0-35%) 

3.4 (35-70%) 

390 (0-0.3 MPa) 

1085 (0.3-0.55 MPa) 
- 

Compression 1.3 - - 127 

Compression 1.6 (60%) - 250 117 

Compression - 22.8 - 128 

Compression 1 (0-50%) - - 90 

Compression 1.34 (0-20%) - - 129 

Compression - 
0.96 (0-50 kPa) 

0.005 (50-113 kPa) 

212 

0.4 

126 

G
ra

p
h

e
n

e
 c

o
m

p
o

s
it

e
 a

e
ro

g
e

ls
 Compression - 

229.8 (0-0.1 kPa) 

26.7 (0.4-1kPa) 
- 130 

Compression - 1.75 < 750 131 

Compression 
2.6 (0-18%) 

8.5 (22-40%) 
0.09 (0-2 MPa) 80 116 

Compression - 
0.26 (0-2kPa) 

0.03 (2-10kPa) 
- 132 

Compression - 3.08 14 125 

Compression - 
1.04 (13-260Pa) 

0.12 (0.26-20kPa) 
34 133 
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2 Methods 

 

2.1 Characterization techniques 

2.1.1 Scanning electron microscopy 

Electron microscopy is an imaging technique for visualizing objects which are too small 

for optical microscopy. The resolution of the microscopy can be expressed using the 

Rayleigh criterion for circular aperture, which defines the minimum distance of two points 

(dmin) which diffraction patterns are distinguishable from each other when it is observed by 

an objective having a particular numerical aperture (NA): 

𝑑𝑚𝑖𝑛 =
0.61𝜆

𝑁𝐴
, 

where λ is the wavelength of used light.1 For optical microscopy, the wavelength is 

roughly  250 nm, but for electron microscopy, the theoretical limit is in the range of pm. 

There are two types of microscopes which differ in the way the signal is received. A SEM 

is based on the reflected signal, while a transmission electron microscope analyzes the 

electrons after passing through the sample. The interaction of the electron beam with the 

sample usually induces signals used in SEM electron signals (Auger, secondary, and 

backscattered) and other radiation (characteristic and continuum X-ray and 

cathodoluminescence).  

In this study, the micrography was carried out using a TESCAN MAIA3 system in which 

the secondary electrons signal was the only signal used for images. Secondary electrons 

are a product of inelastic interaction between the primary electron beam and the sample. 

Secondary electrons are generated from the surface or the near-surface regions 

(maximum tens of nm deep) of the sample. Therefore, they are a useful tool for describing 

the surface topography of the sample. The in-situ GA compression experiment was 

performed by using a nano manipulator (Kleindiek MMA3A-EM) inside the SEM setup. 

 

2.1.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is a surface-sensitive, non-destructive characterization 

technique. It provides qualitative as well as quantitative information about the chemical 
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composition and electrical structure of the sample surface. The XPS is an application of 

the photoelectric effect, which is based on photoelectrons emitted by the sample as a 

response to incidental radiation. The sample is illuminated by X-ray radiation, and 

photoelectrons produced by the sample are detected as a function of energy. 

Photoelectrons (Ekin) are produced only if the incident energy (hν) exceeds the binding 

energy (Eb) of electrons in the material (Figure 2.1).2 The mean free path of electrons is 

small, therefore, the sample information comes from a maximum depth of 10 nm. The 

kinetic energy of photoelectrons is related to the binding energy of each electron. The 

resulting response in the form of emitted electrons has different binding energies (and 

kinetic energies) because the kinetic energy of the emitted electrons is related to the 

binding energy of each electron and the atom has multiple paths of different energy states. 

This can be written as the following equation: 

𝐸𝑘𝑖𝑛 = ℎ𝜈 − 𝐸𝑏 − 𝛷, 

where Φ is the work function. The work function is the energy difference between the 

Fermi level and the vacuum energy of a solid.2 The quantity of a specific element within 

the irradiated area is directly proportional to the number of electrons detected at the 

energy, which is characteristic of the element. 

 

Figure 2.1 X-ray photoelectron spectroscopy. The principle of photoelectron emission. 
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2.1.3 Raman spectroscopy 

The Raman scattering is an inelastic part of the scattering of photons (Figure 2.2a). The 

inelasticity lies in the different frequency (energy) of the scattered photon from the incident 

photon. The incident photon excites the molecule into the virtual energy state. The photon 

is emitted and the molecule relaxes to the higher (Stokes shift) or lower (anti-Stokes shift) 

energy state than the original energy state of the molecule.3 The intensity of the Stokes 

part is proportional to the number of atoms in the ground state, whereas the intensity of 

the anti-Stokes part is proportional to the number of atoms in the excited state.4 The 

specimen usually has more atoms in the ground state than in the excited states; therefore, 

the Stoke part is more intense than the anti-Stokes part. 

Raman spectroscopy is the optical characterization technique used to find the molecular 

composition and molecular structure of the specimen. The Raman spectroscopy is based 

on analyzing the Raman scattering. The spontaneous Raman scattering is typically very 

weak; therefore, the sample needs to be illuminated with a source of monochromatic light, 

typically a laser with a wavelength in the visible, near IR, or UV range. The wavelength of 

the laser is chosen with respect to the relation of the intensity of the Raman scattering to 

λ-4 and that the light is not absorbed by the sample.4 The elastically scattered radiation is 

filtered out and the inelastic scattering is captured on a detector. The spectrum of the 

signal from the detector is displayed as an intensity dependence on Raman shift Δω: 

Δ𝜔 =
1

𝜆0
−

1

𝜆1
, 

where λ0 is the wavelength of the excitation laser and λ1 is the wavelength of the scattered 

radiation.3 The Raman shift depends on the temperature; thus the intensity of the 

excitation laser needs to be controlled. 

Raman spectroscopy is a very important tool for graphene characterization. The number 

of layers, structural damage, chemical modifications, and functional groups can be 

determined by this measurement. However, in graphene aerogels, the Raman 

spectroscopy does not identify the number of layers due to the random orientation of 

graphene flakes. The typical Raman spectrum of graphene consists of 3 Raman modes 

G, D, and 2D.5 The G band originates from a first-order Raman scattering process. The D 

with 2D modes are based on a second-order Raman process in graphene 

(Figure 2.2b,c,d). The Raman signal for the G band comes from the generation of in-plane 

transversal (iTO) and longitudinal (LO) optical phonon dispersion at the Brillouin zone 

caused by in-plane C-C bond stretching (sp2).6 This band is sensitive to in-plane 
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stretching, confirming sp2 hybridization.6 Unlike the other bands, the G-band is a single-

order process in graphene. The D mode arises from a second-order process that involves 

iTO and one defect near the K point.7 The need for a defect indicates a disorder in the sp2 

system.7 The presence of D mode in Raman spectra is proof of a defect in structure. The 

ratio of the G and D band intensities (ID/IG) is used for the characterization of defect 

concentration. The 2D mode is associated with a second-order process involving two iTO 

phonons. Therefore, it is much dependent on two-dimensionality without a need of defect.5 

This mode is used for distinguishing the number of layers in graphene using the ratio of G 

and 2D band intensities (I2D/IG). The higher the ratio the fewer layers of graphene (~ 2 for 

a single layer).7 In this thesis, The Raman spectroscopy was performed using a Raman 

system (Renishaw inVia Reflex) with HeCd laser (λ = 442 nm). 

 

Figure 2.2 Raman spectroscopy. (a) Stokes and anti-Stokes Raman scattering process. The origin 

of (b) G, (c) D, and (d) 2D Raman signal in graphene. 

 

2.1.4 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) belongs to a group of non-destructive 

analytical techniques. FTIR provides qualitative and quantitative information about the 

sample composition. FTIR is based on the interaction of infrared radiation with a sample. 
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The radiation is absorbed when the energy of bond vibration is the same as the energy of 

the incident radiation. Different bonds have different vibration energy. Therefore, they 

absorb different wavelengths (frequency) of the radiation. The result of this method is a 

graph of intensity dependence on frequency, which determines the bonds present in the 

sample.  

 

2.1.5 Dynamic light scattering 

Dynamic light scattering (DLS) is a method for the determination of particle size distribution 

in a suspension. The principle of this method is based on evaluating the scattering pattern. 

A monochromatic light source is used to enlighten particles in suspension. Particles scatter 

the light, and due to their continuous movement (Brownian motion), destructive and 

constructive interference takes place. Hence the intensity of scattered light fluctuates. The 

intensity of scattered light is highly correlated to the size of particles, where the 

autocorrelation function is used for determining the hydrodynamic radius RH of solid 

particles. It is usually assumed that the particles are spherical and then the Stokes-

Einstein equation is used: 

𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅𝐻
, 

where kB is the Boltzmann constant, T is the temperature, and η is the viscosity. 

 

2.1.6 Zeta potential 

Zeta potential is a parameter used for the determination of the surface charge of particles 

at the particle-liquid interface. It describes the electrostatic repulsion/attraction between 

particles. In colloids and suspensions, particles are surrounded by liquid, and an electrical 

double layer is formed on the surface of particles. The double layer consists of an 

inner (Stern) and outer (diffusion). In the inner layer, ions are strongly bound to the surface 

of the particle. In diffusion, layer ions are loosely associated with a particle. There is a 

boundary (slipping plane) in this layer, where the ions and particles form a stable entity. 

This stable entity of ions moves along with the particle, while the ions outside the slipping 

plane stay with the liquid. The potential at the slipping plane of the entity is the Zeta 

potential. The value of this potential indicates the stability of colloids and suspensions due 

to the electrostatic repulsion of particles. Generally, the suspension is considered stable 

when the potential is greater than +30 mV and smaller than −30 mV. If the potential is out 
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of these values, particles in suspension tend to aggregate and flocculate due to van der 

Waals forces. 

Zeta potential is measured in a cell consisting of two electrodes and a solution. When a 

voltage is applied to the solution, particles (and ions within the slipping plane region) move 

toward the electrode of the opposite polarity. The particle velocity is measured at different 

applied voltages by the Doppler technique and used to calculate the Zeta potential. The 

Doppler technique is based on the relation between the particle velocity and the frequency 

of scattered light by moving particles: 

𝜇𝑒 =
ν

𝐸
, 

where µe is the electrophoretic mobility, ν is the particle migration (velocity in electrical 

field E). The Zeta potential (ζ) is then calculated by Henry´s, Helmholtz-Smoluchowski, or 

Hückel equation depending on the ratio of particle size and thickness of an electrical 

double layer: 

𝜇𝑒 =
2𝜀𝑟𝜀0𝑓(κ𝑎)

3η
𝜁 

,𝜇𝑒 =
𝜀𝑟𝜀0

η
𝜁, 

𝜇𝑒 =
2𝜀𝑟𝜀0

3η
𝜁, 

where ε0 is the permittivity of vacuum, εr is the relative permittivity, η is the viscosity of a 

medium, f(κa) is Henry´s function, and ζ is the Zeta potential. 

 

2.2 Mechanical testing 

2.2.1 Compression 

Figure 2.3 shows the experimental setups that were used for the compression testing of 

the GA. The first setup is a homemade version of a press. A weight is placed on the sample 

and the applied pressure is equaled to the gravitational force of a weight applied on the 

surface area of the sample. There is also a possibility to examine two-point probe electrical 

measurements with this setup by taking the contact on the top and bottom of the sample. 
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The samples measured using this approach are in the shape of a block with dimensions 

in the mm range. The second setup is a diamond anvil cell used for experiments 

above GPa pressures. The cell is based on two opposing diamonds which push against 

each other. The pressure created by diamonds is transmitted using a pressure-

transmitting medium (NaCl, silicone oil, or gases) to the sample which is surrounded by 

the medium. Along with the sample pressure monitor (such as ruby) is kept in the medium. 

The behavior of pressure monitors under applied pressure is known. Therefore, the 

fluorescence shift of the ruby monitor under applied pressure determines the actual 

pressure on the studied sample. The elasticity is determined by the reversibility of the 

G peak shift in the Raman measurement of the GA. 

 

Figure 2.3 Schematic drawings of the experimental setups for the compression testing of graphene 

aerogels (GA): (a) a mechanical press used for low-pressure stress-strain and electrical 

measurements, and (b) a diamond anvil cell used for high-pressure measurements using Raman 

spectroscopy. 

 

2.2.2 Tensile 

The tensile testing was performed using a homemade setup (Figure 2.4a). The sample is 

shaped into a similar shape used in standard tensile measurement consisting of two 

shoulders and a thinner part in between. One of the shoulders is attached to a fixed metal 

block and a hook is glued to the other shoulder. The sample is pulled via a mass of a 

container (water is added into a container) and hung on a metal hook. The gravitational 

force acting on a container per the surface area of the thin part of the sample is the applied 

pressure. To perform the electrical and mechanical measurements simultaneously, gluing 

is done with electrically conductive glue (silver epoxy or carbon glue), and rigid contact is 
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achieved by non-conductive epoxy glue. Standard mechanical clamping cannot be used 

due to the high flexibility of the GA samples.  

 

Figure 2.4 Schematic of a homemade setup used for tensile testing of graphene aerogels (GA) 

using gravitational force acting on a container with a liquid. 

 

2.2.3 Durability 

The durability of the GA sample was tested using mechanical stimulation. The mechanical 

stimulation is excited with a Teflon knob attached to an electric DC motor (Figure 2.5). The 

sample is attached to a Cu tape acting as a bottom and top contact and stimulated with a 

knob. The strain induced by a knob is roughly 10%. The durability is evaluated visually by 

comparing the shape of the sample before and after cycling and electrically. The electrical 

response of the sample is measured as a current change at a constant voltage. The signal 

of the compressed sample shows a slight jerking motion at the upper bound at ~ 0.45 mA 

due to the slip-stick motion caused by the friction between the metal contact and the 

rotating spindle. 
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Figure 2.5 Durability testing of a graphene aerogel (GA). (a,b) The dynamic stability testing was 

done using an electric motor with a rotating asymmetric spindle which was delivering periodic 

pressure to the tested sample. 

 

2.3 Thermal properties 

2.3.1 Laser flash analysis 

Laser flash analysis (LFA) is used to determine the thermal conductivity of materials based 

on thermal diffusivity measurements. In the LFA apparatus, the bottom of the plane-

parallel sample is heated up by an energy pulse. The infrared detector measures the time 

dependence of temperature change on the upper surface. The obtained signal is fitted 

with a model to find the thermal diffusivity. The obtained thermal diffusivity (a) is used for 

calculating the thermal conductivity (λ): 

𝜆 = 𝑎 ∙ 𝑐𝑃 ∙ 𝜌, 

where cp is the specific heat capacity and ρ is the density. Usually, the standard (improved 

Cape-Lehman) model is used for common materials. This model considers that the pulse 

energy is totally absorbed on the front face of the sample. The assumption of total 

absorption on the front face of the sample does not fit the reality in the case of porous 

materials. This problem is solved by using a different model (penetration model), which 

considers the absorption of the pulse energy over a thin layer into the sample thickness. 

The penetration model was developed by the company NETZSCH based on McMasters 

work.8 
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Figure 2.6 Schematic of a laser flash analysis 

 

2.3.2 Thermal gravimetric analysis 

Thermal gravimetric analysis (TGA) is used to determine the thermal stability of a material. 

The sample is loaded into a crucible and heated up inside the TGA machine, where a 

defined atmosphere is settled via a continuous flow of gases. The heating of a sample is 

done at a constant heating rate (usually 10 °C.min-1). The mass of a sample is monitored 

over the whole experiment. Additionally, the products of thermal decomposition are 

analyzed using a mass spectrometer. The main result of this technique is usually the 

temperature dependence of the mass loss of the sample. 
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3 Synthesis of graphene aerogels 

 

3.1 Introduction 

3D graphene structures can be prepared by various methods, including templated or 

template-free synthesis.1 In the case of the CVD method, the material is coated on a 

porous template (e.g., metallic foam, metal oxides, SiO2, etc.).2 However, graphene foam 

prepared by CVD methods is generally noncompressible, brittle, and non-scalable.3 

Mechanically stable graphene aerogels can be prepared using template-free methods 

using GO precursors.4–7 Several synthesis methods have been developed using GO as a 

starting material, such as hydrothermal reduction,7,8 chemical reduction,9 cross-linking,10 

etc. Most of the synthesis methods of 3D graphene aerogels involve two steps: (i) self-

assembly of GO flakes into the 3D structure and (ii) reduction of GO into graphene. These 

steps can be performed simultaneously or one after the other. The GO-based methods 

are simple and versatile, but there are challenges associated with them. 

One of the challenges is the degradation of GO because of ageing. The ageing of GO has 

been recently observed after long-term storage or exposure to light.11 As GO is 

functionalized with various oxygen species, mainly carboxyl, hydroxyl, and epoxy 

groups,12,13 the functional groups determine the bonding between individual graphene 

flakes while synthesizing graphene aerogels. However, these oxygen groups might 

change after the interaction of GO with the environment. They degrade even faster when 

exposed to light.14,15 The desorption of oxygen and the change of the ratio of individual 

oxygen species reduce the number of active sites in GO.16 These changes in the 

composition cause the aged GO not to form a stable hydrogel in the hydrothermal 

synthesis of graphene aerogel. The instability is mainly caused by the binding of a large 

number of graphene layers through van der Waals forces.17 This leads to the formation of 

agglomerates and sedimentation of the dispersed GO sheets in water, which hampers the 

graphene aerogel synthesis. 

Another problem associated with the synthesis of graphene aerogels is defects. Some 

crystallographic defects are already naturally present in the starting GO material,18 and 

other defects are formed during the synthesis. But the ageing causes a significant increase 

in their density, especially for lattice/topological and edge defects due to the loss of oxygen 

species.19 It has been shown the higher the number of defects, the lower the electrical 
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conductivity and mechanical strength of the resulting graphene aerogel is obtained.20 

Therefore, effective mitigation strategies to prevent ageing and defects in GO are needed 

for synthesizing mechanically stable and electrically conductive 3D graphene structures. 

In this thesis, a template-free synthesis method of covalently cross-linked GA is 

developed. Microporous GA is prepared using a three-step synthesis method that involves 

hydrothermal synthesis, freeze-drying, and high-temperature annealing. The work focuses 

on the study of the three-step synthesis method of GA. At each step, the structure and 

composition of the materials are thoroughly characterized using SEM, Raman 

spectroscopy, XPS, and FTIR. Plasma and heat assisted approaches for mitigating ageing 

and defects in GA are investigated. As a result, a standard operation procedure (SOP) of 

the GA synthesis is developed. The SOP is based on the optimized synthesis parameters 

that enable the fabrication of centimeter-sized samples of covalently cross-linked GA with 

exceptional mechanical and electrical properties. All the GA samples studied in the 

following chapters of this thesis were prepared according to this SOP. Along with the 

standard procedure, the solutions to the problems caused by GO ageing and defects are 

proposed and discussed. A practical solution is demonstrated using oxygen plasma 

treatment and high-temperature annealing in vacuum. 

 

3.2 Experiments 

3.2.1 Freeze-drying 

Freeze-drying is a process where ice or other frozen solvents are removed from the 

material via sublimation. Sublimation is a phenomenon in which the substance is 

transferred from the solid state directly to the vapor state without passing the liquid phase. 

It is usually used in food processing and biological and biomedical applications. In the 

case of the water phase diagram, freeze-drying transforms ice (low temperature, low 

pressure) directly to the vapor phase (low pressure, high temperature). 

In this work, the freeze-drying process was done using a homemade setup (Figure 3.1). 

The design of the setup is fairly simple, taking into account that the material needs to be 

gently heated up under a vacuum so that the liquid sublimes. It consists of a reactor and 

heat exchanger. The whole setup is kept under a vacuum using a rotary vane vacuum 

pump. The samples are frozen outside the setup in a liquid nitrogen bath and then 

immediately placed into the reactor. The reactor is kept at room temperature, whereas the 
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heat exchanger is cooled down to negative temperatures. This temperature difference 

creates a concentration gradient of water vapor which acts as a driving force for water 

removal. The cooling of the heat exchanger is done by cold gas, which is cooled by flowing 

through a liquid nitrogen tank. This homemade design allows for using significantly lower 

temperatures (below -130 °C) and pressures (0.01 mbar) than commercial setups. 

 

Figure 3.1 Drying technique used in graphene aerogel synthesis. Schematic and photograph of a 

homemade setup used for freeze-drying. 

 

3.2.2 Furnace 

One of the key steps in the GA synthesis is high-temperature annealing in a vacuum 

furnace. Recently, Guo et al. reported annealing of 3D graphene-based structures at 

extremely high temperatures of 2800 °C, which improved the through-plane thermal 

conductivity of the GA.21 However, the GA sample in this work was heated up just for a 

few seconds by passing an electrical current through it in a quartz tube. In this thesis, 

another annealing approach is used. A furnace for indirect GA sample heating was built 

up to avoid passing current directly through the sample, as the current might damage the 

sample or lead to inconsistent annealing temperature when the sample conductivity varies. 

The developed furnace (Figure 3.2) consists of two graphite rods (40 × 40 × 3200 mm) 

which are connected via a thin graphite paper (0.2 mm thick). A sample is placed in 

between two graphite papers or wrapped in graphite paper to maintain a homogeneous 

temperature. Everything is kept in a vacuum chamber. The vacuum is governed by a 

combination of a rotary vane vacuum pump and a turbomolecular pump, which reaches 

pressures in the range of 10-5 mBar. If required, a gas inlet was installed, which can 
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replace the vacuum with a different gas atmosphere (N2 or Ar). The heating is done by 

passing a high electrical current through the thin graphite paper. Therefore, the high 

temperature is only reached on the paper and not along the whole graphite rods. 

Temperatures below 1500 °C were measured indirectly with a pyrometer (Optris, model 

CSlaser 2MH CF2). Temperatures above 1500 °C were determined from the emission 

spectrum of glowing graphite paper using an optical emission spectroscope equipped with 

an optical fiber (Ocean Optics STS-NIR). The accuracy of the temperature determined by 

the spectrometer was done according to the melting temperature of Mo and Pt. 

 

Figure 3.2 High-temperature furnace used for the annealing of graphene aerogel (GA) samples in 

vacuum or inert gas atmosphere. 

 

The main advantage of the high-temperature furnace with a graphite paper heating 

element is the possibility of rapidly controlling the annealing temperature by regulating the 

current with a variable transformer, which allows adjusting the temperature with a ramping 

rate of 1000 °C.min-1. In contrast, commercial furnaces provide a much slower ramping 

rate of around 10 °C.min-1. Moreover, commercial furnaces cool down very slowly after 

the annealing due to the large mass of heating elements, even though they use active 
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cooling systems. On the other hand, our furnace does not require external cooling after 

the annealing is finished because the graphite paper heating element has a small mass. 

Once the passing current is stopped, the temperature of the graphite paper drops 

immediately below 380 °C (the limit of a pyrometer). The cooling installed on the furnace 

is used only for annealing at temperatures above 2000 °C to protect the stainless steel 

tubes and electrical feedthroughs. 

 

3.3 Synthesis of graphene aerogels 

As discussed in Chapter 1, the chosen preparation technique is hydrothermal synthesis. 

This approach was described already in 2010, where hydrothermal reduction of GO was 

followed by freeze-drying to form graphene aerogel.7 Unfortunately, it was found that the 

as-prepared graphene aerogels using this method are characterized by poor mechanical 

and electrical properties due to a high concentration of defects and structural 

inhomogeneities.22 To decrease the amount of defects and improve the physical properties 

of the GA, an additional high temperature annealing step was introduced.23 In this thesis, 

the synthesis method of the GA is a combination of hydrothermal reduction of GO followed 

by freeze-drying and high temperature annealing. All the synthesis parameters were 

experimentally investigated to obtain the best graphene aerogel in terms of physical 

properties and then summarized in the SOP. 

 

3.3.1 Standard operation procedure 

The SOP fabrication method is schematically depicted in Figure 3.3. Following this SOP 

leads to the preparation of a GA cylinder with a diameter of 12 mm and a height of 23 mm 

with a density of 7 mg.cm-3.  

a) 60 mg of GO in the form of powder is weighted on the laboratory weight 

balance using a weighing paper to reduce the unintended electrostatic 

interaction of GO to the surface. GO powder is transferred into a reagent 

bottle. 30 ml of deionized water is measured using a graduated cylinder. 

The water is carefully poured into the reagent bottle to wash the GO powder 

which is stuck on the wall. The bottle is sealed with parafilm. 
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b) GO solution is delicately mixed with a hand and immersed in an ultrasonic 

bath. The temperature of the bath is kept in the range of 30-40 °C. The 

solution is sonicated for 60 minutes. 

c) A Teflon-lined hydrothermal autoclave reactor with a volume of 50 ml is 

washed using deionized water and ethanol. 30 ml of the freshly sonicated 

GO solution is added to the Teflon part of the reactor and capped. The 

Teflon part is inserted inside a stainless steel shell and closed with a 

stainless steel lid. The well-tightened autoclave is placed in an oven. The 

oven is slowly heated up to 180 °C and kept for 6 hours at this temperature. 

d) Once the timer expires, the autoclave is taken out of the oven and cooled 

down at room temperature. After 2-3 hours, the autoclave is sprinkled with 

water and in 10 minutes, the stainless steel lid is slowly opened to gradually 

decrease the pressure inside the autoclave. The Teflon part is taken out 

and opened up. The volume is filtered using a filtration apparatus. The 

filtration apparatus consists of a Buchner funnel with a filter paper 

assembled with a Buchner flask connected to a vacuum pump. The filtered 

sample is 3 times washed with deionized water. The as-prepared sample 

is a reduced graphene oxide hydrogel. The hydrogel can be stored closed 

in a water environment for months. After this step, the hydrogel is already 

a stable structure and the most suitable for mechanical cutting. Cutting is 

possible by hand using standard blades or a linear saw at low speed. 

e) Freeze-drying is performed in a homemade free-dryer device to remove the 

water from the hydrogel. The hydrogel is frozen-down with liquid nitrogen 

for roughly 30 s. The frozen sample is inserted into the freeze-dryer and 

kept at a temperature ranging from -80 to -70 °C and a pressure of around 

0.5 mBar for 14 hours. This drying step converts the hydrogel into a 

reduced graphene oxide aerogel (rGA). 

f) The sample is loaded into the high-temperature furnace to remove the 

oxygen species from the rGA. The furnace is kept under a vacuum with a 

pressure of 10-5 mBar. The sample is annealed at the temperature 

of 1300 °C for 30 minutes. This final step is a key step for the fabrication of 

the high-quality GA, which is responsible for the significant reduction of the 

amount of defects in the samples. 
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Figure 3.3 Schematic of the covalently cross-linked graphene aerogel fabrication using a three-

step synthesis method. 

 

3.3.2 Characterization of materials 

GO used in the synthesis, according to the information provided by the supplier, comprises 

graphene flakes with an average size of a few micrometers. SEM images (Figure 3.4a) of 

this material depict the GO in the form of merged flakes with a size of a few micrometers. 

The Raman spectra (Figure 3.4b) of the GO show the presence of the D and G graphene 

bands with roughly the same intensities and a trace of a broad 2D band. The XPS analysis 

of the GO (Figure 3.4c,d) reveals the element composition contains only carbon (73%) 

and oxygen (23%). The FTIR absorbance spectrum of GO (Figure 3.5a) reveals several 

peaks. These peak are ascribed to vibration modes of carboxyl (COOH) (1615-1725 cm−1 

including C–OH vibrations at 3,150 cm−1 and 995 cm−1), hydroxyl (namely phenol, C–OH) 

(2965-3800 cm−1 and 1135 cm−1, C–OH vibrations from COOH and H2O), C–O–C epoxide 

(between 1200-1385 cm−1), sp2-hybridized C=C (1550-1650 cm−1, in-plane vibrations) and 

ketonic species (C=O) (1725-1810 cm−1). 

Once the rGA is prepared via the SOP (Step d), the SEM images (Figure 3.4a) show the 

formation of a 3D porous structure with the average pore size in the range of 1-2 µm. 

Carbon and oxygen are the only elements that are measured in this structure using XPS 

analysis. The amount of carbon is increased to 89%, and oxygen is decreased to 11% 

(Figure 3.4c,d 3.5a). The decreasing total amount of the oxygen content, along with the 
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deep analysis of the various oxygen group content, reveals that the GO was reduced 

partially during the hydrothermal process, resulting in rGA. According to XPS and FTIR 

data, the relative content of carboxyl groups was increased two times after the 

hydrothermal process. The Raman spectra of the rGA (Figure 3.4b) are very similar to the 

GO spectra, but the intensity of the D peak is slightly reduced. The rGA is thus 

characterized by a formation of a porous 3D structure, reduction of the oxygen species, 

and slight improvement in the crystalline quality of the material. The rGA is already a 3D 

form consisting of graphene sheets but shows poor mechanical properties (plasticity, 

brittleness) when manually handled. 

 

Figure 3.4 Characterization of the graphene oxide (GO), reduced graphene oxide aerogel (rGA), 

and graphene aerogel (GA). (a) Photographs and scanning electron microscopy images, (b) Raman 

spectra, (c) and (d) X-ray photoelectron spectroscopy C 1s and O 1s spectra of GO, rGA, and GA. 

 

To further improve the properties of the rGA, high-temperature annealing at 1300 °C in 

vacuum is performed to produce oxygen-free GA. No change in the SEM micrograph 



 

47 
 

(Figure 3.4a) is observed after the annealing of the rGA. The XPS analysis, along with 

FTIR spectra (Figure 3.4c,d 3.5a) of the GA, shows almost complete removal of all the 

oxygen content (< 0.6% remaining) from the structure. Interestingly, there is no signal of 

the carboxyl species found in the GA after the peak deconvolution. The Raman spectra 

(Figure 3.4b) are characterized by a decrease of full width at half maxima of all peaks and 

intensity of the D peak and a rise of the 2D peak. The observed decrease of the D peak 

and sharpening of the G peak suggest a reduction of the number of defects and increasing 

crystallinity of the sample, which is in line with the results from XPS. As the Raman spectra 

were gathered from roughly a 1 µm spot, they contain information about the bulk and 

edges of graphene sheets. The presence of a D peak after annealing can be explained by 

the presence of edge defects, kinks and folds in graphene sheets.24 The ratio of 2D to G 

peak intensities suggests a few-layer character of graphene sheets in the GA. The multi-

layer composition is confirmed using X-ray diffraction (XRD) results (Figure 3.5b), which 

show a broad peak at 2θ = 26.2°, which is assigned to the (002) crystal plane of graphite. 

The comparison of all results from the GO, rGA, and GA samples using Raman 

spectroscopy and XPS is noted in Table 3.1. 

Table 3.1 Evaluation of Raman spectroscopy and X-ray photoelectron spectroscopy 

measurements of graphene oxide (GO), reduced graphene oxide aerogel (rGA), and graphene 

aerogel (GA). 

 

Raman spectroscopy XPS 

Position (cm-1) FWHM (cm-1) 𝐼𝐷

𝐼𝐺
 (-) 

𝐼2𝐷

𝐼𝐺
 (-) NC (%) NO (%) 

D G 2D D G 2D 

GO 1365 1580 - 162 94 - 0.58 - 73 27 

rGA 1368 1587 2744 127 75 254 0.84 0.13 89 11 

GA 1367 1576 2714 82 60 110 0.52 0.65 > 99.4 < 0.6 

 

The annealing led to a significant change in the mechanical properties of the GA. The GA 

exhibits elasticity and strength, while the rGA is plastic. The mechanical characterization 

of the GA is presented in detail in Chapter 4. The change in the mechanical properties 

caused by the annealing is attributed to the removal of the oxygen species and, most 

importantly, to the increase of graphene sheets cross-linking. The removal of oxygen 

restores the crystallographic structure, strength and flexibility of graphene sheets. As the 

graphene sheets self-assembled in the hydrothermal synthesis are weakly bonded only 

via van der Waals forces, these bonds cannot resist high forces. Therefore, the rGA 
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structure is not mechanically strong and deforms plastically under mechanical strain. The 

high-temperature annealing breaks the C–O bonds of adsorbed oxygen species and 

transfers them back to the graphene-like C–C bonds. Covalent C–C bonds are also 

created at the overlap of two graphene sheets in the annealed GA. Experimental evidence 

of the formation of covalent bonds in the GA is provided in Chapter 4. The carbonization 

and cross-linking processes in the GA can be described similarly to the pyrolysis of carbon 

fibers.25,26 

 

Figure 3.5 Characterization of the graphene oxide (GO), reduced graphene oxide aerogel (rGA), 

and graphene aerogel (GA). (a) Fourier-transform infrared spectra, and (b) X-ray diffraction of GO, 

rGA, and GA. 

 

3.4 Reversing changes of ageing in graphene oxide 

using oxygen plasma 

When producing materials, it is very important to be able to reproduce them with the most 

similar properties. Therefore, one of the crucial parts is always to have the same starting 

GO material. GO used in this study was purchased from commercial sources, which is 

why its properties can vary due to ageing or different batch from the supplier. A thorough 

examination of the structure and chemical composition of GO before and after ageing was 

carried out to understand and minimalize these effects in the synthesis of GA.  

In the case of the GA synthesis, first it is important to obtain a compact and stable 

hydrogel. The freshly purchased GO enabled in most of the cases to form a stable 

hydrogel using hydrothermal synthesis (left image in Figure 3.6). However, GO affected 



 

49 
 

by ageing for 1 year (aGO) did not result in a stable hydrogel. Instead, distorted and broken 

pieces were produced using the same hydrothermal synthesis parameters (middle image 

in Figure 3.6). Some purchased batches of GO from the supplier have also failed to 

produce compact cylindrical hydrogels. O2 plasma treatment (120 s at 50 W with 50 sccm 

of O2 gas) was applied to the aGO powders to reverse the effects of ageing. The plasma 

treated aGO (pGO) enabled the formation of a compact and stable rGO hydrogel in the 

hydrothermal synthesis again (right image in Figure 3.6), similarly to the fresh GO. 

 

Figure 3.6 Schematic of the fabrication process of the graphene hydrogels using hydrothermal 

synthesis from GO, aGO and pGO starting materials. 

 

3.4.1 The influence of ageing and plasma treatment on the 

composition of graphene oxide 

The Raman spectrum of the GO, aGO and pGO samples depicts two major peaks at 1368 

and 1598 cm-1 associated with the D and G bands of the GO (Figure 3.7a). The 𝐼𝐷 𝐼𝐺⁄  ratio 

of the GO and aGO samples is 0.87 and 0.81, respectively. Whereas the for the pGO, the 

ratio slightly decreases to 0.65 and the full width at half maxima of all peaks increases. 

This might be due to the plasma removal of some oxygen functional groups bound to 

defects.27  

The FTIR absorbance spectrum of GO (Figure 3.7b) reveals several peaks. These peak 

are ascribed to vibration modes of carboxyl (COOH) (1615-1725 cm−1 including C–OH 

vibrations at 3150 cm−1 and 995 cm−1), hydroxyl (namely phenol, C–OH) (2965-3800 cm−1 
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and 1135 cm−1, C–OH vibrations from COOH and H2O), C–O–C epoxide (between 1200-

1385 cm−1), sp2-hybridized C=C (1550-1650 cm−1, in-plane vibrations) and ketonic species 

(C=O) (1725-1810 cm−1).28,29 The main difference in the FTIR spectrum between GO and 

aGO is observed in the relative intensities of the peaks. This difference indicates that there 

is a quantitative difference between the total content of oxygen and the ratio of oxygen 

functional groups in the GO and aGO samples. After plasma treatment, the FTIR spectrum 

of pGO shows a minor change to the aGO. As all the peaks in the FTIR spectra overlap, 

identification of the peaks and quantitative analysis of the changes is difficult and 

inaccurate from FTIR.28 It is to be noted that any concrete conclusion from the structural 

and vibrational analysis is challenging. Therefore, the quantitative elemental and chemical 

analysis of the carbon and oxygen bonds, as well as the ratio of all the species, was done 

using XPS. 

XPS analysis of the GO, aGO and pGO samples is depicted in Figure 3.7c,d. The C 1s 

spectra of GO in Figure 3.7c consist of five major peaks. The peaks centered at 284.6 and 

285.2 eV correspond to the carbon-carbon bonds with sp2 and sp3 hybridization, 

respectively. As the peaks of epoxide and hydroxyl groups have similar binding energies,30 

they are shown as a combination of a single peak at 286.5 eV. The carbonyl/quinone 

species are located at 287.1 eV and the carboxyl species at 288.5 eV.31–33 The 

corresponding O 1s spectra with the deconvoluted C–O, C=O, and COOH peaks of the 

GO are shown in Figure 3.7d. The quantitative analysis carried out considering the area 

under the peaks and the relative sensitivity factor shows that the C/O ratio is ~ 2.7. 

After aging, the XPS C 1s spectra (Figure 3.7c) depict two broad peaks as observed in 

non-aged GO. These peaks are deconvoluted the same as GO samples containing 

various oxygen-related groups. There is a significant decrease observed in the oxygen-

functionalized carbon peak. The relative percentage of the sp2+sp3 carbon content 

increased from 51.1% to 58.4%, with oxygen functionalized carbon loss. A 23.8% 

decrease is observed related to epoxide/hydroxyl groups, whereas the relative content of 

carbonyl/quinone decreased ~ 3%. This suggests that the ageing results in the loss of 

oxygen-related functional groups from GO. 
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Figure 3.7 Characterization of graphene oxide (GO), aged graphene oxide (aGO), and plasma 

treated aged graphene oxide (pGO) using Raman, FTIR and XPS. The comparison of (a) Raman 

spectra, (b) Fourier-transform infrared spectra, and (c),(d) X-ray photoelectron spectroscopy C 1s 

and O 1s spectra of GO, aGO, and pGO. 

 

The deconvoluted C 1s spectra of pGO denote a further decrease in the epoxide/hydroxyl 

groups. However, the relative content of carboxyl (–COOH) has slightly increased from 

6.1 to 8.3% (see Table 3.2). With the knowledge that the stable hydrogel is prepared from 

pGO, it is evident that the number of the carbon-oxygen species is crucial for the formation 

of the stable hydrogel. It is to be noted that the –OH and –COOH functional group plays a 

significant role in forming a stable solution of GO with water.34,35 Here, the plasma helped 

with the restructuring of the functional group contents that led to the fabrication of stable 

rGO hydrogels via the hydrothermal process. The corresponding O 1s spectra of GO, aGO 

and pGO are shown in Figure 3.7d and the quantitative analysis is given in Table 3.2. 
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Table 3.2 The quantitative analyses of X-ray photoelectron spectroscopy of carbon present in 

graphene oxide (GO), aged graphene oxide (aGO), and plasma treated aged graphene oxide 

(pGO). 

 NC(sp2) (%) NC(sp3) (%) NC–O (%) NC=O (%) NO–C=O (%) 

GO 37.1 14.0 28.5 14.1 6.3 

aGO 45.3 13.1 21.7 13.7 6.1 

pGO 51.5 12.7 17.2 10.3 8.3 

 

From the XPS analysis, the following conclusions can be derived. First, the ageing causes 

the loss of oxygen-related carbon species. Second, a trivial increment in the relative 

content of –COOH is observed after plasma treatment. The compositional analysis reveals 

that there are minor compositional changes occurring to GO due to the ageing and after 

its plasma treatment. Therefore, we further investigated the surface potential and size 

distribution of these samples in water using DLS. The following outcome can be found in 

the XPS results. The ageing of GO is exhibited by the loss of oxygen-related carbon 

species. The O2 plasma restores the –OH functional groups and reverses the ratio of (C–

OH+O–C=O)/C=O back to 2.5, which is comparable to the value in GO. The specific ratio 

of these functional groups is necessary for synthesizing stable hydrogels via the 

hydrothermal process. 

 

3.4.2 Stability and size distribution in graphene oxide 

suspension 

As the hydrothermal process is started with an aqueous solution of GO, the stability of GO 

suspensions in water is crucial for preparing stable 3D graphene hydrogels. Previous 

research has shown that the GO chemical composition can strongly affect its dispersibility 

in water. From a general point of view, GO is essentially a graphene sheet with phenol, 

hydroxyl and epoxide groups on the basal plane and carboxylic acid at the edges.36,37 

These carboxylic groups –COOH are attributed to the good dispersity of GO in water.36,37 

Whereas the basal plane consists of hydrophobic polyaromatic islands of unoxidized 

benzene rings.38,39 Therefore, GO should be perceived as an amphiphile with hydrophilic 

edges and a sizable part of the hydrophobic basal plane. Also, the nature of GO in an 

aqueous solution is controlled via the content of the functional group.40 In recent years, it 

has also been known that the formation of a stable GO aqueous solution should be 
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attributed to the electrostatic repulsion rather than just the hydrophilicity of GO, as 

previously presumed.37,41 That is why the fresh and highly oxidized GO is well-soluble in 

water (Figure 3.8a). However, when there is a loss of oxygen caused by the ageing, the 

stability of aGO suspensions is lost, as shown in Figure 3.8a. This is because there is a 

relative increment in the hydrophobic unoxidized graphene areas on the base plane of 

aGO, which reduce the contact area of the aGO structures with water and lead to the 

agglomeration and sedimentation of the aGO flakes in water.42  

DLS and zeta potential measurements (Figure 3.8) reveal that the flake size and the zeta 

potential of the GO, aGO, and pGO suspensions in water are significantly different. The 

DLS analysis used in this work is based on the model which considers spherical particles 

instead of planar structures (GO consists of graphene planes). The size of the GO in an 

aqueous (H2O) solution depends upon a variety of chemical species around its 

environment, such as pH,42 ionic strength,43 graphene structures (like bending, 

scrambling/scrolling, and folding).35 

The size distribution spectrum of the samples is shown in Figure 3.8b. GO sample shows 

a broad distribution of sizes with two peaks. The majority of GO flake sizes center at 

~ 3000 nm as the relative intensity of this peak is much greater than another peak center 

at ~ 330 nm. It is to be noted that the dispersed solution from the GO was stable even 

after 7 days. The aGO sample shows two broad merged peaks (Figure 3.8b) with a small 

decrease in the size of the flakes compared with GO samples. However, the dispersed 

solution made from the aGO was not stable, and sedimentation started within a few hours. 

This is possibly due to a minor change in the relative content of the oxygen functional 

groups, as revealed by the XPS analysis. 

After plasma treatment, a sharp drop in the sizes of flakes is noticed. A broad and intense 

peak is observed centered at ~ 590 nm and minor peaks at 110 nm and 5.5 µm 

(Figure  3.8b). This suggests that the plasma helped in reducing the sizes of the flakes. 

This effect of plasma can be understood by the fact that the plasma contains very reactive 

and energetic species. These species have sufficient energy to break the aGO flakes into 

a smaller size. A similar phenomenon has also been observed during the ultrasonication 

of the GO solution.35 The plasma helped in decreasing the GO flake size, which means 

that a higher edge-to-area ratio was produced in pGO samples. Since the density of the 

functional groups is expected to be higher at the edges of the flakes,44,45 there should be 

more electrostatic repulsion between the GO flakes and thus a more stable dispersed 
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solution in the pGO than in the aGO. It is to be noted that the pGO dispersed solution 

remained stable even after the 7 days, similarly to the GO solution.  

 

Figure 3.8 Stability and size distribution in graphene oxide suspension. Graphene oxide (GO), aged 

graphene oxide (aGO), and plasma treated aged graphene oxide (pGO) suspension 

characterization. (a) Actual photograph, (b) Flake size distribution shown in logarithmic scale, (c) 

and (d) Zeta potential measured immediately and after 7 days of GO, aGO, and pGO. 

 

The zeta potential of GO solution was measured right after mixing GO with water and a 

week after the preparation of GO suspensions. Generally, the zeta potential smaller than 

-30 mV is considered sufficient for the preparation of a stable GO solution in neutral pH 

aqueous solutions.37 The fresh GO solution exhibits a broad distribution of zeta potentials 

with peak boundaries from -66 mV to -7 mV and a center at -39 mV (Figure 3.8c). After a 

week, the peak center of the zeta potential of the GO shifted to -31 mV (Figure 3.8d). The 
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aGO solution measured right after mixing it with water also shows a broad zeta potential 

distribution with peak boundaries from -50 mV to -2 mV and a center at -30 mV. After 

keeping aGO suspension for a week, the peak center upshifted to -18 mV. It is shown that 

the plasma treatment was able to downshift the zeta potential peak of the pGO solution 

and restore it to the negative zeta potentials similar to the fresh GO solution. The pGO has 

peak boundaries from -58 mV to -12 mV and a center at -39 mV. After a week, the zeta 

potential peak center of the pGO solution again upshifted to -31 mV, demonstrating a 

comparable zeta potential distribution to the fresh GO suspension. This improvement in 

the surface charge and stability can be attributed to the smaller flake size and restoration 

of ratios of carboxylic and hydroxyl groups, as indicated in the XPS analysis. These 

functional groups help in restoring more negative zeta potential by the ionization of the 

oxygen-containing functional groups into negatively charged radicals.34,35  

 

3.4.3 Removing defects from graphene aerogel 

Defects usually worsen the physical properties of materials, especially graphene (as 

discussed in Chapter 1). The intrinsic defects, including lattice/topological defects and 

edge defects, are presented in the rGA due to the loss of oxygen functional groups.46 The 

majority of the defects are inherited from the starting GO material because it contains a 

high density of sp3 hybridized carbon bonds due to the adsorbed oxygen species.47 The 

presence of a high number of defects in the rGA results in poor electrical conductivity, 

structural instability, and fragileness of the 3D structure. In this thesis, high-temperature 

annealing is investigated with the aim of repairing defects presented in the freshly 

prepared rGA (Figure 3.9). The effect of different annealing temperatures from 400 to 

2700 °C is studied. The number of defects and crystallite size in the annealed samples 

are investigated using XPS and Raman spectroscopy. 

 

The rGA samples were gradually annealed at 400, 750, 1000, 1300, and 2700 °C and 

compared with the rGA sample before annealing. The deconvolution of the XPS C 1s and 

O 1s spectra is shown in Figure 3.10c,d. The C 1s signal includes sp2 and sp3 hybridized 

carbon atoms peaks and peaks corresponding to various oxygen species, such as C–O, 

C=O, and COOH. The rGA sample is composed of 89% of carbon and 11% of oxygen. 

Annealing of the GA at 400 °C shows almost no change in the composition. Once the 

temperature of annealing is increased to 750 °C, the relative content of carbon is 

increased to 96%, and oxygen is decreased to 4%. When the aerogel is further annealed 
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at 1000 °C, the carbon and oxygen content remains almost the same as in the GA 

annealed at 750 °C. A significant reduction of oxygen is observed after 1300 °C annealing. 

The standard GA sample annealed at 1300 °C (according to the SOP) has > 99.4% of 

carbon and < 0.6% of oxygen content. The oxygen is completely removed from the sample 

when the GA is annealed at 2700 °C. 

 

Figure 3.9 Schematic of removing residual defects from reduced graphene oxide aerogel (rGA) by 

high temperature annealing. 

 

It is well known that the oxygen species bonds have different binding energy to graphene. 

Therefore, different oxygen species are removed from the graphene at different 

temperatures during annealing. A previous study of Acik et al. has reported that the 

theoretical binding energy for oxygen species desorption ranges from 1.5 to 8 eV.28 

Hydroxyl groups desorb at 1.5 eV, epoxide at 3.1 eV, carboxyl at 5.8 eV, and ketonic at 

8.0 eV.48 The number of particular oxygen species determined from XPS at a specific 

annealing temperature in the GA samples is summarized in Table 3.3. The experimentally 

obtained values are in line with the sequence of the theoretical binding energies. First are 

annealed hydroxyl groups. As a result, the GA sample annealed to 1000 °C contains 

mainly carboxyl and ketonic species. After 1300 °C annealing, all the oxygen species are 

removed from the sample. 
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Figure 3.10 Raman and X-ray photoelectron spectroscopy analysis of the varying annealing 

temperature of graphene aerogels (GA) compared to the non-annealed reduced graphene oxide 

aerogel (rGA). (a) Photograph of the furnace heated to 2700 °C. (b) Raman spectra and X-ray 

photoelectron spectroscopy of (c) C 1s and (d) O 1s spectra of rGA samples annealed at 400, 750, 

1000, 1300, and 2700 °C. 

 

Simultaneously with the XPS analysis, the Raman spectra of the annealed GA samples 

were taken (Figure 3.10b-d). The Raman spectra show the evolution of the D, G, and 2D 

bands of graphene. With increasing annealing temperature, there is observed an increase 

in the 2D band, a decrease in the D band, and a sharpening of the G band. The GA sample 

annealed to 2700 °C shows the best crystal quality graphene and the lowest density of 

defects of all the samples. The density of defects and the crystallite size (La) in the samples 

are estimated from the ratio of the intensity of the D to G peaks using the following equation 

defined by Cancado et al.49  

𝐿𝑎 = 2.4 × 10−10𝜆4 (
𝐼𝐷

𝐼𝐺
), 
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where λ is the wavelength of the laser used in the Raman measurement, and ID and IG are 

the intensities of the D and G peaks, respectively. The density of defects nd is calculated 

using the following equation50 

𝑛𝑑 =
2.4 × 1022

𝜆4
(

𝐼𝐷

𝐼𝐺
). 

 

Table 3.3 The compositional (NC, NO) and quantitative (NC(sp2), NC(sp3), NC-O, NC=O, NO-C=O) analyses 

of X-ray photoelectron spectroscopy of graphene aerogels annealed at different temperatures. 

Temperature 

(°C) 

NC 

(%) 

NO 

(%) 

NC(sp2) 

(%) 

NC(sp3) 

(%) 

NC-O 

(%) 

NC=O 

(%) 

NO-C=O 

(%) 

0 89 11 67 16 9 4.5 4 

400 90 10 66 18 8.5 4 3.5 

750 95.8 4 69 20 5.5 3.5 2 

1000 96 4 69 21 4.5 3 2 

1300 > 99.4 < 0.6 71 23 0.6 - - 

2700 100 0 79 21 - - - 

 

Simultaneously with the XPS analysis, the Raman spectra of the annealed GA samples 

were taken (Figure 3.10b-d). The Raman spectra show the evolution of the D, G, and 2D 

bands of graphene. With increasing annealing temperature, there is observed an increase 

in the 2D band, a decrease in the D band, and a sharpening of the G band. The GA sample 

annealed to 2700 °C shows the best crystal quality graphene and the lowest density of 

defects of all the samples. The density of defects and the crystallite size (La) in the samples 

are estimated from the ratio of the intensity of the D to G peaks using the following equation 

defined by Cancado et al.49  

𝐿𝑎 = 2.4 × 10−10𝜆4 (
𝐼𝐷

𝐼𝐺
), 

where λ is the wavelength of the laser used in the Raman measurement, and ID and IG are 

the intensities of the D and G peaks, respectively. The density of defects nd is calculated 

using the following equation50 

𝑛𝑑 =
2.4 × 1022

𝜆4
(

𝐼𝐷

𝐼𝐺
). 

 

For the non-annealed rGA, the crystallite size is found to be around 10 nm, and the density 

of defects is roughly 2.9 × 1011 cm-2. The D to G peak ratio does not change when the rGO 
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is annealed at temperatures lower than 1000 °C. Therefore, the crystallite size and defect 

density remain almost constant. A slight decrease of the defect density is observed along 

with the broadening of the G peak after exceeding 1300 °C. This effect is most likely 

caused due to the removal of oxygen species and the annealing of defects and ripples in 

graphene flakes in the GA. In comparison with lower annealing temperatures, the 

standardly annealed GA sample (1300 °C) shows a significant decrease in the D peak and 

the D to G peak ratio. Consequently, the defect density is decreased to 2.1 × 1011 cm-2, 

and the crystal size is doubled to 20 nm. The sample annealed at 2700 °C is characterized 

by a sharp 2D peak, which has the same intensity as the G peak, and a major reduction 

of the D peak. This extreme temperature annealing results in a 6 times decrease in the 

defect density and, at the same time, almost a 6 times increase in crystal size compared 

with the non-annealed rGA. 

 

Figure 3.11 The analysis of the structural properties depending on the annealing temperature of 

graphene aerogels (GA). (a) Crystallite size (La) and (b) density of defects (nD) determined from the 

Raman spectra using the method of Cancado et. al.49 

 

3.5 Conclusions 

A template-free synthesis method of covalently cross-linked 3D graphene aerogels has 

been developed using hydrothermal synthesis, freeze-drying, and high-temperature 

annealing. The structure and composition of the graphene materials have been carefully 

investigated at each step of the three-step synthesis method. The key steps for the 

successful synthesis have been determined. They include mainly a high-quality source 

GO material, preparation of stable GO suspensions in water, and high-temperature 

annealing > 1300 °C. The synthesis parameters have been optimized, and the SOP has 



 

60 
 

been developed. The SOP enables fabricating of centimeter-sized GA samples of high 

crystal quality with exceptional mechanical and electrical properties. These GA samples 

are used in the rest of the thesis.  

Moreover, the effects of the ageing of the starting GO material of the hydrothermal 

synthesis have been investigated. The ageing of GO causes a change in the relative 

composition of oxygen functional groups. This change is responsible for decreasing the 

surface charge of GO and agglomeration of GO flakes in water solution. As a result of 

these changes, using aGO for the GA synthesis leads to the formation of unstable and 

crumbled-like hydrogels/aerogels. The use of O2 plasma treatment of the aged GO 

samples has helped in reversing the effect of the ageing, and enabled the preparation of 

stable and compact hydrogels/aerogels. The main role of the plasma treatment is 

observed in the improved stability and dispersity of the pGO solutions due to more 

negative zeta potential, smaller flake sizes, and restoration of ratios of carboxylic and 

hydroxyl groups.  

The effects of different annealing temperatures of rGA have been investigated. Low-

temperature annealing under 400 °C removes only a few types of residual oxygen species 

from the graphene aerogels. With the rising temperature, the number of removed oxygen 

content is increased, and the complete removal takes place at 1300 °C. Even though all 

the oxygen species are removed, the graphene structure still contains a large amount of 

intrinsic structural defects. These defects are removed by annealing at extremely high 

temperatures (2700 °C). It has been found that annealing temperature > 1300 °C is 

necessary not only for the complete removal of oxygen species from graphene aerogels 

but also for the formation of the covalent cross-linking of individual graphene sheets in the 

aerogels.  
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4 Mechanical properties of graphene 

aerogels 

 

4.1 Introduction 

Elasticity is the ability of a material to recover its original size and shape when the material 

is no longer under the influence of deformation forces. Materials that can withstand 

significant elastic strains and prevent permanent deformation under load have a significant 

impact on daily life. They have a wide range of applications in the construction industry, 

automotive, biotechnology, electronics, and aerospace industries. These materials open 

the possibility of the fabrication of tension/pressure-bearing components, advanced 

springs, sensors, flexible electronic devices, and wear-resistant applications. Researchers 

have been looking for more durable elastic materials that can withstand heavier 

mechanical loads with little plastic deformation as part of their ongoing search for better 

materials.1,2 However, a large elastic modulus typically tends to decrease the 

compressibility and extensibility of a material3. Different techniques for adjusting the 

atomic level and microstructure of elastic materials have been thoroughly studied to 

improve the resilience of materials.4–7 Recent progress has demonstrated that 

superelasticity and intriguing mechanical properties can be obtained from the structure of 

porous and cellular materials,1,8 offering a practical means of extending the elastic strain 

range in compression beyond the small deformation limit. However, the tensile strength 

and modulus of the porous materials reported so far have significantly degraded.9 On the 

other hand, highly elastic materials made of silicone and polymeric rubbers have low yield 

strengths under compression.10 Although biological materials exhibit such a mechanical 

behavior, high strength materials that could withstand both large elastic deformation in 

compression and tension have not yet been developed.3 This necessitates the 

development of intelligent materials that combine high-strength, variable density, large-

strain elasticity, and high porosity in a single material. 

Here, the large compressive and tensile elasticity is exhibited by the GA even without 

significant degradation in the specific strength of the material. Additionally, the largest 

range of superelasticity and specific compressive yield strength is seen in a material so 

far are demonstrated by the GA. It is further demonstrated that the superelastic behavior 
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of the GA is allowed due to the high bending flexibility of individual graphene sheets in the 

pore walls of the GA, which buckle similarly to origami. As a result, when gradually 

deformed, the GA exhibits variable density, electrical conductivity, and stiffness. More 

surprisingly, the GA displays unique vibration damping properties, which allow superfast 

damping within nanoseconds. 

 

4.2 Experiments 

The static compression experiments were performed using two different approaches. The 

mechanical press was used for experiments where the applied pressure did not exceed 

20 MPa using GA samples with sizes in the mm range. On the other hand, the diamond 

anvil cell was used for compression under pressures exceeding 1 GPa. The GA samples 

in a diamond anvil cell are maximally 200 × 200 µm with a thickness of 50 µm. In both 

approaches, the strain was determined using an optical microscope.  

The static tensile test was done with samples mm big (shoulders 4 × 4 × 3 mm and a thin 

part 1 × 1 × 2 mm) and specifically shaped. The sample follows the shape (reduced 

volume in the center) of standard samples used for usual macroscopic tensile testing of 

common materials, for example, steel.11 

The dynamic mechanical response of the GA upon the fast mechanical impact was 

measured using the optical and electrical approaches. The optical approach visualizes the 

millimeters GA sample hit by a falling metal ball from 30 cm height, where the ball has a 

mass of 0.02 g and a radius of 1 mm. To visualize the fast movement of the ball as well 

as the vibrations of the GA, a high-speed camera (Photron Fastcam Mini UX100) with a 

40 mm objective at the resulting magnification of 0.7 and framerate of 10000 fps was used. 

The electrical approach is based on monitoring the change in voltage of a sample with an 

oscilloscope (Tektronix TDS 620B). The GA sample with dimensions of 2 × 2 × 2 mm has 

two electrical contacts at the top and bottom and an insulated metal rod is touching the 

top contact. The constant current of 0.1-0.3 A (Agilent E3631A) is applied to the GA 

sample and the change of voltage is induced by the mechanical impact through the 

vibration of the metal rod. 
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4.3 Mechanical testing 

The mechanical properties of the GA are shown in Figure 4.2c as a function of 

compressive and tensile strain. Plus and minus signs at the strain values are used to 

differentiate between elongation and compression. In terms of stress values, the negativity 

indicates the opposite direction of applied pressure (i.e. compression is positive and 

elongation is negative). The stress-strain data measurements are a summary of 

20 samples measured in the uniaxial compression, 3 samples in the diamond anvil cell, 

and 2 samples in the uniaxial tension tests. Each of the measured points in the figures 

represents an average value of 10 load-unload cycles except for the last two points at the 

breakpoint. 

4.3.1 Tensile testing 

Almost 100 GA samples were subjected to tensile testing. However, only a small percent 

of the measurements enabled us to determine the real tensile strength of the covalently 

cross-linked GAs. The statistics of the outcomes are shown in Table 4.1 and the most 

typical causes of failure are visualized in Figure 4.1. The most usual failure was due to 

cracks at the interface of glue and one of the shoulders, which appeared under 10% of 

strain. Choosing the right glue for attaching millimeters of the GA parts to withstand high 

pressure is very difficult. The common failure was also the presence of inner cracks 

showing under 8% of strain. These inner cracks in the GA are naturally presented due to 

the type of synthesis or induced at the mechanical shaping of the sample. There was also 

one case when the glue started stretching at 27% of the GA strain. In 6 cases, the surface 

cleavage cracks played a role when the sample cracked at the transition between the 

shoulder and thin part. 

Table 4.1 Statistics of the performed tensile tests of different graphene aerogel (GA) specimens. 

Sample name Number of tests Cause of failure Max. strain (%) 

GA contacts 47 Edge of glue 0-10 

GA inner cracks 39 Inner cracks 0-8 

GA epoxy 1 Glue stretching 27 

GA surface cracks 6 Surface cracks 10-40 

GA 2 Graphene aerogel 65-67 
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Figure 4.1 Optical images of graphene aerogel (GA) specimens under tensile tests demonstrating 

failure caused by (a) inner defects/cracks, (b) edges of the epoxy glue, (c) surface cleavage cracks, 

and (d) ultimate strength of the material. (e) Tensile stress-strain curves of GA specimens which 

failed due to (a-d). 

 

4.3.2 Mechanical properties 

The stress-strain curve of the GA subjected to the compression-tension test shows a 

complex nonlinear behavior with a steep rise at high pressures (< −60% strain). The 

elasticity of the GA behavior is observed in a wide range of strain deformation with limits 

of -92% in compression and 68% in tension. Once the load is removed, the GA completely 

and instantly recovers the sample size and shape. The maximum elastic yield strength in 

compression and tension is 4.5 GPa and 0.6 MPa. These maximum values of stress in 

compression and tensile were assessed from the reversible shift of the G peak in the 

Raman spectrum and from usual optical observation (see Figure 4.2d). The shift of the G 

peak position gives an opportunity to estimate the number of layers in the GA by 

comparing it with previous Raman measurements of strained graphene.12 The comparison 

is shown in Table 4.2, where the shift of the G peak position with pressure in the GA is 

between the peak shifts of the bi and few-layer graphene. On the base of this observation, 

the GA is composed of an average of 4 layers. 
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Figure 4.2 Mechanical properties of the graphene aerogel (GA). (a),(b) Optical images of the GA 

subjected to compressive (a) and tensile (b) stress. (c) The stress-strain curve for compressive and 

tensile mechanical deformation of the GA. (d) Raman spectra of the GA show the reversible shift 

of the G peak with applied compressive stress up to 4.5 GPa. properties of graphene aerogel. 

Table 4.2 Analysis of the Raman G band of different free-standing graphene materials under high 

pressure. 

Sample 
Raman G peak position (cm-1) 

Ref 
0 Pa 1.3 GPa 2.3 GPa 2.5 GPa 3.3 GPa 4.5 GPa 

GA 1576 1596 1610 1611 1617 1621 
This 

work 

Monolayer 

graphene 
1583 1610 1624 1625 1634 - 12 

Bilayer 

graphene 
1582 1603 1617 1620 1630 - 12 

Few-layer 

graphene 
1582 1593 1601 1602 1606 - 12 

Graphite 1581 1586 1590 1587 1592 - 12 



 

70 
 

Calculating the area under the stress-strain curve gives the modulus of resilience. The 

modulus of resilience of the GA is 2.3 × 107 J.m-3 in tension and 3.2 × 109 J.m-3 in 

compression. Relating the maximum yield strengths to the density of GA brings the 

specific strength of 770 GPa.cm3.g-1 in compression and 0.1 GPa.cm3.g-1 in tension. The 

graph comparing specific strength in compression and tension of the GA with other 

materials is shown in Chapter 1 in Figure 1.3. The graph compares the usual materials 

such as steel, polymers, rubbers, diamond, carbon nanotubes, and graphene to the best 

GA materials reported in the literature.13–16 It is found that the specific strength in 

compression of the presented GA is several orders of magnitude larger than for 

conventional construction materials and other carbon allotropes. The observed strength 

of the GA is comparable to graphene and exceeds the maximum values for highly 

compressible graphene aerogels reported so far.13 Additionally, the range of elasticity of 

the GA in tension is much greater than previously reported graphene aerogels.13 The 

specific strength in tension is similar to the values for steel, but the GA has an order of 

magnitude larger elastic strain. The elasticity of the GA remained unchanged after 

applying more than 5000 compressive loading cycles. This stability test is further 

described in Chapter 5. 

The incredible mechanical properties of the GA raise a question about the type of 

interconnection between graphene sheets. In Chapter 3, while describing the GA, the 

hypothesis of the covalent cross-linking of graphene sheets in the GA was mentioned. 

Here this hypothesis is experimentally proved by the measurement of the high tensile 

strength of the GA.16,17 If the GA was not covalently bonded the extremely low sliding 

resistance of individual flakes stacked one on top of each other would lead to permanent 

deformation of the GA even at relatively small loads, therefore the GA would not be able 

to bear such high pressures.18 The same explanation is used for the highly compressed 

sample because it is almost impossible that weakly bonded flakes would restore their 

original position after applying 4.5 GPa. Thus, covalent bonds between graphene flakes 

must be present in the GA to demonstrate such incredible mechanical properties.  

The number of the covalent bonds in the GA responsible for the graphene cross-linking 

can be estimated from the tensile strength. Due to the high annealing temperature, most 

likely, the cross-linking is carried out by single (C−C) or double (C=C) carbon-carbon 

covalent bonds. By assuming the typical rupture force (Fi) of a C−C (or C=C) bond with 

the length of 1.54 nm (1.33 nm) under stretching 4.1 nN (7.3 nN) and the tensile strength 

(σT) of the GA with a surface area of 0.45 mm2 (S), the amount of the carbon cross-linking 
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𝑛C−C =
𝜎T×𝑆

𝐹i
 in the GA is approximately 1.5 × 108 per mm2 (nC=C = 3.7 × 107 per mm2).19 

Concerning the total number of carbon atoms in the particular GA flake (5.4 × 108 atoms) 

the number of cross-linking is only 0.3% (0.07%). In reality, there will be a mixture of single 

and double covalent bonds. Therefore, the real number of cross-links is in the range of 

0.07-0.3%. In the ideal case, GA is completely cross-linked and the tensile specific 

strength approaches the tensile specific strength of graphene (573 GPa.cm3.g-1).20 It is 

also expected that a higher amount of covalent cross-linking in the aerogels could diminish 

the occurrence of defects in the porous structure.21 

 

4.4 Analytical model of compression 

4.4.1 Introduction 

To understand the unusual mechanical behavior of the GA under compression, a 

theoretical model of GA compression is necessary. There are currently a few models of 

graphene aerogel compression available in the literature,2 but none of them is suitable for 

the presented GA. The models, such as the density scaling model, are based on the power 

scaling of the elastic modulus and yield strength with specific density.13 However, these 

models fail at the nonlinear part of the GA stress-strain curve. The nonlinearity in the 

stress-strain curves in the GA is believed to be due to the covalent cross-linking of 

graphene in the material.  

Before trying other possible known approaches, the deformation of individual pores in the 

GA is studied experimentally using in-situ SEM (Figure 4.3a). It was found during the 

compression that the pores get gradually deformed until a point (~ 50% strain) when they 

undergo a collapse and bend into two pores (Figure 4.3a). This observation is used in a 

Modular Origami Bending model (MOBM), which was developed to describe the measured 

stress-strain curves of the GA under compression (Figure 4.2c). The MOBM solves the 

nonlinear stress-strain behavior via approximation of the structure with an array of 

interconnected spherical springs, which elastically bend and undergo multiple buckle folds 

as the pressure is increasing (Figure 4.4b). The MOBM can be expressed as  

𝜎 = 𝜎lin + 𝜎non−lin =  
𝑙

𝐴
(𝑘lin + 𝑘non−lin)𝜀, 

where the stress (σ) strain (ε) behavior follows a linear relationship (𝜎lin) according to 

Hooke´s law in the first linear region, and a nonlinear relationship (𝜎non−lin) in the second 

region due to the multiple buckle folding of pores. 
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Figure 4.3 Buckling of pores in graphene aerogel (GA). (a) In situ Scanning electron micrographs 

of GA pores under compression at different strain. (b) Schematic illustration of multiple pore 

collapse of the GA pores. 

 

4.4.2 Derivation of the Modular Origami Bending model 

Hooke´s law in the tensor form is used for the general description of stress-strain  

𝐅 = 𝐊𝐗 

Where F is a force vector, K is a second-order stiffness tensor, and X is the displacement 

vector. As the GA samples are anisotropic with the pressure applied uniaxially (only from 

one direction), the linear Hooke´s law can be used in linear form 

 𝐹 = 𝑘𝑥  

where k is a spring constant and x is a uniaxial displacement. Stress σ is defined as the 

force applied to a cross-sectional area A of a material 

 
𝜎 =

𝐹

𝐴
  

Strain ε is the deformation or displacement of material caused by an applied stress 

 
𝜀 =

𝛥𝑙

𝑙
  



 

73 
 

where l is the original length and Δl is a change in the length of the material. The elastic 

modulus E of an object can be defined, for relatively small stresses, as the slope of the 

stress-strain curve 

 
𝐸 =

𝜎

𝜀
=

𝐹𝑙

𝐴𝛥𝑙
=

𝑙𝑘𝛥𝑙

𝐴𝛥𝑙
=

𝑘𝑙

𝐴
  

 
𝜎 =

𝑘𝑙

𝐴
𝜀  

The stress-strain behavior of the GA is divided into two regions in the stress-strain curve: 

(i) linear and (ii) nonlinear regions described using linear and nonlinear spring constants.  

 
𝜎 =

𝑙

𝐴
(𝑘lin +  𝑘non−lin)𝜀 

𝜎lin =
𝑙

𝐴
(𝑘lin)𝜀, 𝜎non−lin =

𝑙

𝐴
(𝑘non−lin)𝜀 

 

A. Structure 

As examined in the previous sections, the GA is a 3D structure formed by micrometer 

pores made of thin graphene layers. These pores behave similarly to elastic springs. For 

simplicity, the structure is approximated with a 3D lattice of interconnected spherical 

springs (Figure 4.4b). A single pore is described as a spherical shell with a radius R, a 

thickness h, a spring constant k, and Poisson´s ratio γ (Figure 4.4a). The pores are 

interconnected to each other in parallel and series. Regarding these assumptions and 

approximations, the spring constant of the interconnected springs can be expressed as  

In parallel 
𝑘 =  ∑ 𝑘0i

𝑁

i=1

= 𝑁𝑘0  

In series  1

𝑘
= ∑

1

𝑘0j

𝑀

j=1

=  
𝑀

𝑘0
  

As an example, the total spring constant K of a simple cubic lattice with interconnected 

pores is 

 𝑘8 = 𝑘1 + 𝑘2 + 𝑘3 = 3𝑘  

 𝑘9 = 𝑘8 + 𝑘4 + 𝑘5 = 5𝑘  
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 1

𝐾
=

1

𝑘9
+

1

𝑘6
+

1

𝑘7
 

 

 
𝐾 =

𝑘9𝑘6𝑘7

𝑘6𝑘7 + 𝑘9𝑘7 + 𝑘9𝑘6
=

5𝑘3

11𝑘2
=

5

11
𝑘 3.1 

 

From now the GA is considered to consist of the interconnected spherical springs arranged 

into a simple cubic lattice. A different lattice arrangement leads to a change only in a 

constant before k in equation 3.1. 

 

Figure 4.4 Schematic illustration of the graphene aerogel structure based on a thin spherical shell 

(a) interconnected into a 3D lattice of interconnected springs (b), in which each pore undergoes a 

buckling collapse at the critical pressure pc (c). 

 

B. Linear region 

The simple Hooke’s law is used for the description of the linear region. The GA can be 

visualized as a block of the elastic material precisely as a linear spring. Its stress (σ) is 

linearly proportional to its strain (ε) by the spring constant (klin) as: 

𝜎lin =
𝑙

𝐴
(𝑘lin)𝜀 

If the GA is not fully homogeneous, the linear stress-strain region might consist of more 

than a single spring constant within the elastic range. This is in line with the experimental 

observations at the low strain in Figure 4.6a, where the stress-strain curve is composed 

of two linear segments. These segments are believed to originate either from (i) the 

internal strain caused by synthesis at high pressure and temperature, or (ii) inhomogeneity 

of the sample, predominantly due to the internal cracks in the sample, where each part of 

the sample has a slightly different spring constant. 
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Let us suppose the pores undergo only small deformations (linear region), the spring 

constant of a thin wall spherical shell can be expressed analytically as22 

 
𝑘0 =

2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅
  

The total spring constant for all interconnected pores is  

 
𝑘lin =

𝑁x𝑁y

𝑁z
𝑘0  

𝑤here 𝑁x, 𝑁y, 𝑁z are the numbers of pores in the x, y, and z-axis. 

 

The final formula for the stress-strain curve in the linear region is  

 
𝜎lin =

𝑙

𝐴
𝑘lin𝜀 =

5

11

𝑁x𝑁y

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅

𝑙

𝐴
𝜀  

where n is a relative Young´s modulus constant in respect to Young´s modulus of few-

layer graphene (0.5 TPa). The GA is not formed only by single-layer flakes but there are 

also few-layered flakes, therefore, the parameter n is introduced to take care of an 

inhomogeneous number of graphene layers. The n is less than 1 because Young´s 

modulus of multilayer graphene is lower than a single layer.23 

 

C. Nonlinear region 

The nonlinear stress-strain behavior of GA starts to take place above the so-called critical 

pressure (pc) at which pores start to buckle and fold like origami (Figure 4.3b, 4.4c). The 

experimental value of pc is determined from the SEM observation (pressure corresponding 

to ~ 55% of strain). At this pressure, each pore starts to buckle and fold, creating a number 

of smaller pores.  

The buckling of a spherical shell has been studied since the beginning of the 20th century. 

The first theory has been proposed by Zoelly,24 and the first application of this theory has 

been presented by Koiter.24,25 Koiter´s theory has been used as the basis for all derived 

theories by Pogorelov.26 
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D. Buckling 

The transformation of pores needs to satisfy mass conservation, once buckling and folding 

of pores occur. The sum of surface areas of new pores is equaled to the surface area of 

the original pore 

 𝑆 = 2𝑆1 = 4𝑆2 = 8𝑆3 = ⋯ = 2𝐻𝑆𝐻  

 𝑆 = 4π𝑅2 = 4π𝑅1
2𝑚2 =  4π𝑅2

2𝑚4  = 4π𝑅3
2𝑚6  = ⋯ = 4π𝑅𝐻

2 𝑚2𝐻  

where 𝑅𝐻 is defined as the minimum elastic bending radius of graphene (~ 1 nm for 

monolayer graphene),27 and m denotes the number of created new pores after buckling. 

Here, the m is considered constant for simplicity. The 𝑅𝐻 defines the maximum number of 

buckling, which for a pore with a 1 µm radius is equaled to 10 (considering the extreme 

situation of buckling into exactly 2 pores). The number of buckled pores of thin spherical 

shells has been found experimentally to vary between 2 and 3.28 The MOBM assumes that 

m represents the average number of buckling within the GA.  

 

E. Critical pressure 

The threshold pressure above which the pores lose their convex spherical shape and 

transform to a concave cup-like shape is called the critical pressure. It is reached as the 

work done by the external pressure equals the deformation energy.29 

 
𝑊 = ∬ 𝑝ℎn

𝐺

d𝑆,  

where W is work, p is external pressure, hn is a component of the bending field 

perpendicular to the surface of the sphere and G is the deformation area.29 

Deformation energy 
𝑈 = ∫

𝐸𝛿2ℎ⏊⊥

𝑅√3(1 − 𝛾2)𝛼

d𝑙,  

where U is deformation energy, 𝛼 is a meridian curve along the area of deformation and 

ℎ⊥ = component of the bending field perpendicular to 𝛼 on the surface. 

Geometrical equality 
𝑉 = ∬ ℎ𝑛

𝐺

d𝑆 =
𝑅

2
∫ ℎ⊥

𝛼

d𝑙  

We finally obtain the critical pressure of buckling 30 
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𝑝C =

2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅2
  

The curvature factor C is included in the critical pressure formula to take into account the 

impact of natural curvature and rippling of graphene flakes and the inhomogeneous 

number of layers 31,32 

 
𝑝C =

2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅2
C  

At each critical pressure for buckling 𝑝C, 𝑝C1, 𝑝C2, … , 𝑝C(𝐻−1) a „new“ spring constant kc is 

introduced. The buckling and folding create a larger number of new smaller pores caused 

and simultaneously increase the density of the GA 

 
𝑝C =

2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅2
𝐶  

𝜎 =
𝑙

𝐴

1

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅1
𝑚𝑁x𝑁y𝜀  

𝑝C1 =
2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅1
2 𝐶  

𝜎 =
𝑙

𝐴

1

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅2
𝑚2𝑁x𝑁y𝜀  

𝑝C2 =
2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅2
2 𝐶  

𝜎 =
𝑙

𝐴

1

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅3
𝑚3𝑁x𝑁y𝜀  

𝑝C(𝐻−1) =
2𝐸

√3(1 − 𝛾2)

ℎ2

𝑅𝐻−1
2 𝐶  

𝜎 =
𝑙

𝐴

1

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅𝐻
𝑚𝐻𝑁x𝑁y𝜀  

The final equation for the origami-like nonlinear stress-strain behavior of the multiple 

buckled array of spherical springs can be expressed as: 
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𝜎non−lin =  
𝑙

𝐴
𝑘non−lin𝜀 =

𝑙

𝐴
(𝜑1(𝜎)𝑘1 + 𝜑2(𝜎)𝑘2 + ⋯ + 𝜑𝐻−1(𝜎)𝑘𝐻−1)𝜀 =

=
𝑙

𝐴

5

11

𝑁x𝑁y

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)
ℎ2(𝜑1(𝜎) ∗

1

𝑅1
𝑚2 + 𝜑2(𝜎) ∗

1

𝑅2
𝑚4 + ⋯

+ 𝜑𝐻−1(𝜎) ∗
1

𝑅𝐻−1
𝑚2H)𝜀, 

 

where R1 … RH-1 at each collapse 𝜑1…𝜑H−1 decreases with increasing strain as 

𝜑0(𝜎) = {
0                    𝑒𝑙𝑠𝑒
1     0 < 𝜎 ≤ 𝑝c1

 

𝜑1(𝜎) = {
0                        𝑒𝑙𝑠𝑒
1     𝑝c1 < 𝜎 ≤ 𝑝c2

 

𝜑2(𝜎) = {
0                        𝑒𝑙𝑠𝑒
1     𝑝c2 < 𝜎 ≤ 𝑝c3

 

𝜑3(𝜎) = {
0                        𝑒𝑙𝑠𝑒
1     𝑝c3 < 𝜎 ≤ 𝑝c4

 

𝜑H−1(𝜎) = {
0                        𝑒𝑙𝑠𝑒
1         𝑝c(H−1) < 𝜎  

 

F. Fitting of the experimental data 

To use the MOBM for the fitting of the experimental data, it can be simplified into the 

following equation:  

𝜎 =  𝜎lin +  𝜎non−lin =
5

11

𝑁x𝑁y

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

ℎ2

𝑅

𝑙

𝐴
𝜀 +  𝜎1 +  𝜎2 +  𝜎3 +  … + 𝜎H−1  

where 

𝜎1 =
5

11

𝑁x𝑁y

𝑁z

2𝐸𝑛

√3(1 − 𝛾2)

𝑙ℎ2

𝐴
 
𝑚1

𝑅1
𝜀 = 𝑇

𝑚1

𝑅1
𝜀 

𝜎2 = 𝑇𝑚1

𝑚2

𝑅2
𝜀 

𝜎3 = 𝑇𝑚1𝑚2

𝑚3

𝑅3
𝜀 

𝜎4 = 𝑇𝑚1𝑚2𝑚3

𝑚4

𝑅4
𝜀 
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𝜎5 = 𝑇𝑚1𝑚2𝑚3𝑚4

𝑚5

𝑅5
𝜀 

𝜎6 = 𝑇𝑚1𝑚2𝑚3𝑚4𝑚5

𝑚6

𝑅6
𝜀 

𝜎7 = 𝑇𝑚1𝑚2𝑚3𝑚4𝑚5𝑚6

𝑚7

𝑅7
𝜀 

... 

The MOBM is applied to the measured stress-strain data of covalently cross-linked GA in 

compression. A 5.6 mm long GA sample with a surface area of 35 mm2 was experimentally 

characterized using SEM and optical measurements to find the input values into MOBM. 

The GA is having average pore radius of 1 µm (SEM images), a wall thickness of 1.5 nm 

(corresponding to a few layers of graphene), the Poisson´s ratio of 0.03 (determined from 

optical measurements), and the number of pores in x, y and z-direction (3500, 2500 and 

2800 from SEM images). 

The results of fitting the experimental stress-strain and density-pressure data using the 

MOBM are shown in Figure 4.5a,b, and corresponding fitting parameters along with all 

input data in Table 4.3. 

 

Figure 4.5 Fits of experimental compressive stress-strain data (a) and a density change with 

pressure (b) of graphene aerogels using the buckling model. 

 

The fitting parameter m is close to 2 and there are 7 buckling collapses in the fully 

compressed GA resulting in the bending radius of 12 nm at 4.5 GPa. This bending radius 
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is still far from the theoretical limit defined by monolayer graphene (1 nm).27 The MOBM 

determines the critical buckling limit of the first collapse to 53% strain, which is in line with 

the experimental observations (~ 55% strain).  

Table 4.3 Parameters used for fitting in Figure 4.5. 

Input Value Fitting parameters Value 

R 1 µm m1 2.05 

H 1.5 nm m2 2.02 

Γ 0.03 m3 2.13 

Nx 3500 m4 2.17 

Ny 2500 m5 2.2 

Nz 2800 m6 2.25 

E 1 TPa m7 2.29 

L 5.6 mm n 0.81 

A 35 mm2 Adj. R-Square 0.95 

 

4.5 Energy dissipation  

4.5.1 Hysteresis 

One cycle of loading and unloading in the linear part of the stress-strain curve 

demonstrates almost no energy dissipation (~ 3%), which is exhibited by a negligible 

hysteresis, as shown in Figure 4.6a. However, once the buckling occurs (> 53% strain) the 

two paths of stress-strain curves diverge (Figure 4.6b). The significant hysteresis after 

4 buckling collapses (equal to 88% strain) is presented, and the energy loss is calculated 

from the difference between the areas under loading and unloading curves which is 42%. 

This difference in the energy losses between the linear and buckling parts suggests that 

additional energy is required to restore the buckled pores. This energy is stored chiefly in 

the system in the form of strain energy, as confirmed by a rapid response of the GA upon 

the dynamic loading. The hysteresis of the presented GA compressed up to 88% of strain 

is significantly smaller in comparison with previous reports on graphene aerogels,14,16 

which is attributed to the reduced oxygen content in the presented GA. 
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Figure 4.6 Reversibility of the graphene aerogel compression tests. (a),(b) The stress-strain curve 

up to 56% (a) and 88% (b) of strain. 

 

4.5.2 Damping 

The ball bouncing experiments are used to study the dynamic deformation of the GA block 

via a high-speed camera (Figure 4.7a). The GA demonstrates an extremely fast reaction 

to the falling ball. The GA immediately responded to the impact, and copied the movement 

of the bouncing ball (within the framerate 10000 fps). The impact of the ball on the GA 

lasts only for 2 ms. This is faster than the previously reported graphene aerogel reaction 

to a bouncing ball, which has lasted for 15 ms.1 Interestingly, the GA returned to the 

original shape after the collision without any vibration. This observation is different from 

the dynamic response of common elastic (stainless steel spring) and plastic (polymeric 

foam) materials on the falling ball (Figure 4.7a). A steel spring as an elastic material 

followed the movement of the bouncing ball, but once the ball lost contact with a spring, it 

started vibrating. The typical plastic response of a polymeric foam is observed after the 

impact of the falling ball as an incomplete recovery and long-term shrinkage. As the optical 

approach to the dynamic deformation (> 50% strain) of GA does not result in any vibration 

due to the limitations of the fast camera, the response to the impact is measured via an 

electrical approach.  
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Figure 4.7 The response of the graphene aerogel (GA) to mechanical stimulation. (a) Optical 

images of a ball bouncing experiment with the GA. (b) Comparison of responses of the GA, elastic, 

and plastic materials on the impact of a bouncing ball determined using the high-speed camera. (c) 

The natural resonance of the GA on the mechanical stimulation is determined from the electrical 

response. 

 

The electrical approach is based on passing the constant current through the GA and 

checking the voltage change using an oscilloscope which works down to a nanosecond 

regime. The GA sample is millimeter-sized and the mechanical oscillations induced by a 

metal rod are damped below 1 µm within 50-250 ns. 54 GA samples were electrically 

tested to find the damping properties and the inhomogeneities of GA samples cause the 

variation in damping. The induced oscillations of GA are underdamped with a resonance 

frequency (fR) in the range of 20-150 MHz and damping ratio (ζ) ranging from 0.2  to 

2.3× 107 (Figure 4.7b,4.9, and Table 4.4). The statistics of performed tests comparing their 

period, damping time, and ratio are shown in Table 4.4 and in Figure 4.8. Damping within 
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the ns regime has not been determined in any macroscopic elastic material before. For 

comparison, the few-layer free-standing graphene membrane-based resonator with 

micrometer dimensions showed a significantly slower damping time of ~ 20 µs.33 

 

Figure 4.8 Change in voltage of different graphene aerogel specimens at different experimental 

conditions measured as a constant current of 0.1 A. The voltage change demonstrates the 

mechanical vibration of graphene aerogel specimens at resonance as a function of the varying 

pressure of 0.2 mbar (a) and 0.0002 mBar (b) and different cross-sectional areas of the specimens 

of 1 mm2 (c) and 2 mm2 (d). The specimen for the pressure measurements had dimensions of 

2 × 2 × 2 mm. The cross-sectional area dependence was measured at a constant sample thickness 

of 2 mm and under atmospheric pressure. The fit to the experimental data shows the determined 

damping ratio (B). 
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Table 4.4 Statistics of the performed dynamic mechanical response tests (Figure 4.8) on different 

graphene aerogel specimens. 

Number of tests Period (ns) Damping time (ns) Damping ratio 

8 9 50 3 × 107 

6 10 100 5 × 107 

11 24 200 2 × 107 

29 40 400 5 × 106 

 

Figure 4.9 Dynamic mechanical response of the graphene aerogel (GA) block with the constant 

thickness of 2 mm. (a),(b) Resonant frequency (fR) as the function of different cross-section area 

(ΔA) (a) and pressure (b). (e), (f) Damping ratio (ζ) as the function of different cross-section area 

(ΔA) (c) and pressure (d). 

To get more insight into the nanosecond mechanical damping in the GA, the change of 

the resonant frequency and damping ratio was studied as a function of the dimension of 
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the sample and external applied pressure (Figure 4.9). By decreasing the pressure, the 

resonant frequency of the GA increases. This is in accordance with the usual diminishing 

of the drag force applied by the gasses on the moving sample in a vacuum. However, the 

GA vibrations are damped faster at lower external pressures, which is manifested as a 

higher damping ratio in a vacuum. The GA has additionally shown no recognizable change 

in the resonance frequency and damping ratio when the cross-section of the GA (ΔA) was 

decreased while the thickness is kept the same. The Hookean underdamped harmonic 

oscillator exhibits a completely different behavior than the one observed at GA. The 

resonance frequency and damping ratio in the Hookean oscillator ought to remarkably 

differ with the change of the GA´s cross-sectional area because it is related to the spring 

constant. Under a vacuum, the Hookean oscillator´s quality factor and damping should be 

increased and decreased, respectively. 

 

The observed anomalous damping mechanism in the GA can be explained using an 

elastic scattering phenomenon similar to Thomson scattering.34 In this case, however, the 

diffractive diffusion of waves is done by the mechanical wave scattering on the amorphous 

porous structure of the GA. The mechanism is based on the elastic distribution of the 

kinetic energy from the mechanical impact into vibrations of individual pores of the GA. 

This process is very fast and does not depend on frequency. The mechanical waves 

elastically propagate within the material by means of pore oscillation of interconnected 

cellular springs and the dynamic rippling of free-standing graphene walls,33,35 resulting in 

inelastic diminishing via phonons and plasmons damping on the longer time scales.36,37 

As the mechanical waves spread in all directions, the longitudinal waves parallel to the 

direction of the impact decrease in amplitude when propagating through the pores of the 

sample. This results in fast diffusion and damping of the whole sample vibrations. The 

scattering process is not influenced by the difference in the cross-sectional area of the 

sample as soon as the area of the pore is significantly smaller than the cross-section of 

the sample. The observed increase in the speed and efficiency of the elastic scattering 

damping process under lower external pressure is also expected due to the lower air drag 

and lower amount of absorbed molecules on the surface of the GA in vacuum, which 

further improve the elasticity of the GA sample. 

 



 

86 
 

4.6 Conclusions 

The GA was subjected to mechanical testing with a focus on the elasticity in tension and 

compression and response to a mechanical impuls. The GA exhibited an incredible elastic 

limit in compression (4.5 GPa) and tension (0.6 MPa), which is along with a minimal 

hysteresis completely different elastic behavior than conventional elastic bulk materials. 

Additionally, the achieved compressive and tensile yield strength observed in the GA are 

the highest from reported 3D graphene structures so far.The anomalous compressive 

behavior is explained with an analytical model based on the high bending flexibility of 

graphene sheets, which allows buckling of pore walls in the GA. The observed unique 

properties qualify the GA as a superelastic material. The superelastic behavior of the GA 

confirmed the formation of covalent cross-linking of graphene sheets, which enables the 

rapid elastic compressing and stretching over an incredibly wide range of stress and strain. 

The fast mechanical response of the GA along with damping in the nanosecond range 

demonstrate almost perfect elastic collisions and the propagation of mechanical waves in 

the macroscopic material. These results ensure new possibilities for designing new strong 

and flexible ultralight materials, vibration dampers, sensors, and wearable electronics. 

 

References 

1. Gao, H.-L. et al. Super-elastic and fatigue resistant carbon material with lamellar 

multi-arch microstructure. Nature Communications 7, 12920 (2016). 

2. Zhao, K. et al. Super-elasticity of three-dimensionally cross-linked graphene 

materials all the way to deep cryogenic temperatures. Science Advances 5, 

eaav2589 (2019). 

3. Vatankhah-Varnosfaderani, M. et al. Mimicking biological stress–strain behaviour 

with synthetic elastomers. Nature 549, 497–501 (2017). 

4. Buehler, M. J. Materials by design—A perspective from atoms to structures. MRS 

Bulletin 38, 169–176 (2013). 

5. Qiu, L. et al. Extremely Low Density and Super-Compressible Graphene Cellular 

Materials. Advanced Materials 29, 1701553 (2017). 

6. Walsh, J. B., Brace, W. F. & England, A. W. Effect of Porosity on Compressibility of 

Glass. Journal of the American Ceramic Society 48, 605–608 (1965). 

7. Darling, K. A. et al. Nanocrystalline material with anomalous modulus of resilience 

and springback effect. Scripta Materialia 141, 36–40 (2017). 



 

87 
 

8. Groβ, J. & Fricke, J. Scaling of elastic properties in highly porous nanostructured 

aerogels. Nanostructured Materials 6, 905–908 (1995). 

9. Liu, D. et al. Towards understanding the influence of porosity on mechanical and 

fracture behaviour of quasi-brittle materials: experiments and modelling. Int J Fract 

205, 57–72 (2017). 

10. Zhang, W. et al. Preparation and properties of silicone rubber materials with 

foam/solid alternating multilayered structures. Polymer Journal 53, 619–631 (2021). 

11. Faridmehr, I. et al. Correlation between Engineering Stress-Strain and True Stress-

Strain Curve. American Journal of Civil Engineering and Architecture 2, 53–59 

(2014). 

12. Proctor, J. E. et al. High-pressure Raman spectroscopy of graphene. Phys. Rev. B 

80, 073408 (2009). 

13. Kashani, H., Ito, Y., Han, J., Liu, P. & Chen, M. Extraordinary tensile strength and 

ductility of scalable nanoporous graphene. Science Advances 5, eaat6951 (2019). 

14. Li, C., Ding, M., Zhang, B., Qiao, X. & Liu, C.-Y. Graphene aerogels that withstand 

extreme compressive stress and strain. Nanoscale 10, 18291–18299 (2018). 

15. Guo, F. et al. Highly stretchable carbon aerogels. Nature Communications 9, 881 

(2018). 

16. Worsley, M. A. et al. Mechanically robust 3D graphene macroassembly with high 

surface area. Chem. Commun. 48, 8428–8430 (2012). 

17. Worsley, M. A. et al. High Surface Area, sp2-Cross-Linked Three-Dimensional 

Graphene Monoliths. J. Phys. Chem. Lett. 2, 921–925 (2011). 

18. Crisafulli, A., Khodayari, A., Mohammadnejad, S. & Fasano, M. Sliding Dynamics of 

Parallel Graphene Sheets: Effect of Geometry and Van Der Waals Interactions on 

Nano-Spring Behavior. Crystals 8, 149 (2018). 

19. Grandbois, M., Beyer, M., Rief, M., Clausen-Schaumann, H. & Gaub, H. E. How 

Strong Is a Covalent Bond? Science 283, 1727–1730 (1999). 

20. Cao, K. et al. Elastic straining of free-standing monolayer graphene. Nature 

Communications 11, 284 (2020). 

21. Ubbelohde, A. R. Hole and Claw Defects in Graphite. Nature 180, 380–380 (1957). 

22. Zoldesi, C. I., Ivanovska, I. L., Quilliet, C., Wuite, G. J. L. & Imhof, A. Elastic properties 

of hollow colloidal particles. Phys. Rev. E 78, 051401 (2008). 

23. Frank, I. W., Tanenbaum, D. M., van der Zande, A. M. & McEuen, P. L. Mechanical 

properties of suspended graphene sheets. Journal of Vacuum Science & Technology 



 

88 
 

B: Microelectronics and Nanometer Structures Processing, Measurement, and 

Phenomena 25, 2558–2561 (2007). 

24. Zoelly, R. Ueber ein Knickungsproblem an der Kugelschale, Thesis, Zurich, 1915. 

25. Koiter, W. T.The nonlinear buckling problem of a complete spherical shell under 

uniform external pressure, Parts I, II, III & IV. Proc. Kon. Ned. Ak. Wet. B72, 40-123. 

26. Pogorelov, A. V. Bendings of surfaces and stability of shells. American Mathematical 

Society, Providence, 1988, Vol. 72. 

27. Lu, Q., Arroyo, M. & Huang, R. Elastic bending modulus of monolayer graphene. J. 

Phys. D: Appl. Phys. 42, 102002 (2009). 

28. Gomez, M., Moulton, D. E. & Vella, D. The shallow shell approach to Pogorelov’s 

problem and the breakdown of ‘mirror buckling’. Proceedings of the Royal Society A: 

Mathematical, Physical and Engineering Sciences 472, 20150732 (2016). 

29. Gao, C., Donath, E., Moya, S., Dudnik, V. & Möhwald, H. Elasticity of hollow 

polyelectrolyte capsules prepared by the layer-by-layer technique. Eur. Phys. J. E 5, 

21–27 (2001). 

30. Hutchinson, J. W. Buckling of spherical shells revisited. Proceedings of the Royal 

Society A: Mathematical, Physical and Engineering Sciences 472, 20160577 (2016). 

31. Meyer, J. C. et al. The structure of suspended graphene sheets. Nature 446, 60–63 

(2007). 

32. Martinez-Asencio, J., Ruestes, C. J., Bringa, E. M. & Caturla, M. J. Controlled rippling 

of graphene via irradiation and applied strain modify its mechanical properties: a 

nanoindentation simulation study. Phys. Chem. Chem. Phys. 18, 13897–13903 

(2016). 

33. He, Y. Z. et al. Dynamic ripples in single layer graphene. Appl. Phys. Lett. 98, 063101 

(2011). 

34. Thomson, J. J. On Electrical Oscillations and the effects produced by the motion of 

an Electrified Sphere. Proceedings of the London Mathematical Society s1-15, 197–

219 (1883). 

35. Keşkekler, A. et al. Tuning nonlinear damping in graphene nanoresonators by 

parametric–direct internal resonance. Nature Communications 12, 1099 (2021). 

36. Buljan, H., Jablan, M. & Soljačić, M. Damping of plasmons in graphene. Nature 

Photonics 7, 346–348 (2013). 

37. Yan, H. et al. Damping pathways of mid-infrared plasmons in graphene 

nanostructures. Nature Photonics 7, 394–399 (2013). 

  



 

89 
 

5 Electro-mechanical properties 

 

5.1 Introduction 

In recent years, porous 3D graphene based materials have been widely investigated for 

tactile sensors, biomedical and robotics applications.1–3 The main advantage of using 

these materials lies in the variety of incredible physical properties, such as elasticity, 

compressibility, fast response, high electrical conductivity, and most importantly, 

piezoresistivity under applied pressure.4 Recently, 3D graphene based strain sensors 

have been demonstrated to provide fast response and incredible sensitivity in 

compression. However, the current 3D graphene based sensors still suffer from high 

hysteresis and limited tensile elasticity, which need to be improved.1,4–6 Also, there has not 

been reported a 3D graphene based electro-mechanical sensor which could operate both 

in compression and tensile sensing with a tensile strain higher than 20%.7 These 

limitations significantly restrict the range of applicability of 3D graphene based sensors 

and pose the main obstacle to their practical use in wearable electronics and human-

machine interface applications.7,8 These issues originate mainly from the insufficient 

elasticity range of the GA materials, which is caused by the weak coupling between the 

graphene sheets in the 3D structure.9  

There have been several attempts to overcome the challenges associated with the use of 

3D graphene in tactile sensors.4,7 Researchers have used various additives, such as 

flexible polymers, carbon nanotubes, etc.,3,4 to make 3D graphene materials more flexible 

and overcome the weak coupling problem between graphene layers. The addition of even 

a small amount of additives enabled increasing the stretchability range of the sensor 

materials, but it was at the cost of decreased compressibility, strength, and electrical 

properties of the materials.10 The size of the detection range of tactile sensors can also be 

significantly affected by the mechanism of the sensing. However, the most commonly used 

sensing mechanism based on bulk piezo resistivity is limited only to a narrow range of 

elastic deformations and pressures.1,5,11 Other reported piezoresistive sensing 

mechanisms, such as tunneling effect,12 crack propagation,13 and overlapping-

disconnecting resistivity,4 also provide a narrow strain range of detection. Therefore, 

multiple tactile sensors must be used for broad-range strain and stress detection. 



 

90 
 

This chapter demonstrates the use of the covalently cross-linked GA for fast and broad-

range electrical tactile sensors. The GA sensor utilizes a novel sensing mechanism based 

on the change of the electrical contact resistance under applied uniaxial tensile and 

compressive stress. The sensor performance is characterized based on the measurement 

of the response time, gauge factor, sensitivity, and repeatability. The results show that the 

sensor is highly sensitive, superfast, and can operate over a large range of strain and 

pressure in compression and tension. Additionally, the sensor is tested in practical 

applications for the detection of human body motion, such as human heart rate and hand 

object manipulation. 

5.2 Methods 

The construction of the GA sensor is very simple (Figure 5.1). It has a piece of the GA 

sensing element electrically connected to a power supply, which changes its electrical 

resistance when deformed. For a detailed description of the electrical response 

measurement of the GA under tension and compression, see the Mechanical testing part 

in the Methods of Chapter 2. The critical part of the sensing element is the connection of 

the GA with a Cu tape. This connection has to be mechanically robust, electrically 

conductive, and most importantly, highly elastic. Silver epoxy glue (MG Chemicals) was 

found to meet all the requirements mentioned above, and additionally, it did not penetrate 

deep inside the GA. Therefore, the GA sensing element was attached to the Cu electrical 

leads using silver epoxy glue. 

The electrical measurements were done using a Keithley source measure unit (Model 236 

and 237). The electrical resistance changes, as well as I-V characteristics, were measured 

using either a constant voltage (0.01 V) or constant current (0.1-0.5 A) mode. The 

response time of sensors was measured by applying a constant current of 0.5 A with a 

current source unit (Agilent E3631A). The human pulse was measured by attaching a 

sensor directly above the human skin at the wrist with a flexible tape and measured at a 

constant voltage (0.01 V). The change in the output voltage in the GA sensors was 

monitored with an oscilloscope (Tektronix TDS 620B) in the falling ball experiments. For 

this purpose, a small steel ball (0.1 g) was thrown on the sensor from a height of ~ 75 cm. 

The resulting graphs from the electrical sensor characterization are a summary of 

5 different samples. Each point in the figures is an average of 10 load-unload cycles. 



 

91 
 

5.3 Graphene aerogel sensor 

5.3.1 Electro-mechanical properties of sensors 

Figure 5.1 shows the response of the GA sensor under tension and compression using a 

two-probe method. The electrical resistance demonstrates a nonlinear behavior as the 

mechanical stress-strain increases in compression and tension. The total resistance of the 

sensor increases and decreases when tension and compression is applied to the sensor, 

respectively. The sensor is able to detect a change in the resistance of two orders of 

magnitude over the whole measured strain range of 78% in compression and 68% in 

tension. These results show that the electro-mechanical properties of the GA sensor are 

highly suitable for tactile sensor applications. The measured strain range covers the whole 

range of deformations observed in biology, opening a possibility for detecting mechanical 

strain of all biological materials.3,29 

In a real application, a sensor must retain its properties in a different environment, 

especially at changing temperatures. The temperature range of -60 to 100 °C was used to 

find the dependence of the GA sensor response at 0% and 20% compressive strain. The 

sensor proved to be temperature independent. Additionally, the GA sample was tested 

independently using the four-probe method to assure temperature independence. This 

temperature independence of the GA sensor properties is brilliant for real applications 

where the correct functioning is ensured even at extreme temperatures. The temperature 

dependence, usually observed in sensors with bulk material mechanisms, might cause 

undesired fluctuations of a false signal.14,15 

The relation between electrical response as a function of compressive or tensile stress of 

the GA sensor can be measured as a relative change in resistance, voltage, or current at 

a constant current or voltage, respectively. The response of the GA sensor in terms of the 

electrical resistance change as a function of mechanical loading is shown in Figure 5.1b 

in the range of 0-1.18 MPa and 0-0.55 MPa for compression and tensile stress. Over this 

whole range of fully stretched (~ 68% strain) to fully compressed state (~ 78% strain), the 

resistance of the GA sensor exhibits a 230% increase. The demonstrated mechanical 

range of the sensor is significantly larger than in any other reported graphene-based and 

other electro-mechanical sensors in the literature so far (Table 1.2). These results 

demonstrate that the GA-based devices can be used as strain sensors, which can cover 

the whole broad range of human bodily actions, including gentle and high-force 

movements.16 
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Figure 5.1 Schematic and response of the graphene aerogel (GA) sensor. (a) Schematic of the GA 

sensor. (b) The electrical response of the GA sensor measured by two-probe configuration under 

compressive and tensile strain. and response of the graphene aerogel sensor. 

 

Figure 5.2a,d illustrates the response of the GA sensor to compressive and tensile strain 

in terms of resistance and current. The response of the GA sensor at a constant voltage 

of 0.01 V is obtained as a relative change in the current and resistance. Both 

resistance/current-strain curves show similar bilinear dependence consisting of two 

regions with a constant gauge factor (GF) and sensitivity (S). The gauge factor here is 

defined as the ratio of relative electrical resistance change (ΔR/R0) to mechanical 

strain (ε). The sensitivity is the ratio of relative current change (ΔI/I0) to applied pressure 

difference (ΔP). The first linear region in compression is around 0-6% of strain. This 

detection region of the GA sensor is highly sensitive to applied pressure. The 

corresponding values of GF and S are 11.6 and 53.5 MPa-1 (Figure 5.2b,c). This value of 

the gauge factor is, in comparison with other previously reported sensors based on 3D 

graphene and conventional metal alloy,17 several times higher. The second linear region 

in region 6-78% of strain has the gauge factor (0.38) and sensitivity (12.2 MPa-1) roughly 

30 and 4.4 times lower than the first region. In compression, the sensor reaches a much 

higher pressure regime than other graphene aerogel-based sensors reported so far.4 

The tensile strain response in Figure 5.2e,f also consists of two linear regions separated 

at 30% of strain. The region of tensile strain below 30% is described with a gauge factor 

of 0.6 and sensitivity of 0.39 MPa-1. The gauge factor and sensitivity are significantly 
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increased to 3.4 and 1.85 MPa-1 in the region above 30% strain. In tension, the sensor 

surpasses all previous graphene aerogel-based sensors reported so far (Table 1.2). 

 

Figure 5.2 Electrical response of GA strain sensors under compression (left) and tension (right). 

(a, d) Current (ΔI/I0) response and (b, e) relative resistance change (ΔR/R0) of GA sensors with 

applied compressive and tensile stress, respectively. (c, f) The current response of the GA sensors 

as a function of compressive and tensile stress shows two sensitivity regimes. The slope of the 

curves was used to calculate the gauge factor (GF = (ΔR/R0)/εN) and sensitivity (S = (ΔI/I0)/ΔP) of 

the sensors. 
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5.3.2 Sensing mechanism  

To gain more insight into the sensing mechanism, the structural changes of the GA sensor 

under compression were measured using in-situ using Raman spectroscopy and XRD. 

The results of the Raman spectroscopy and XRD are shown in Figure 5.3. There is no 

major change presented neither in Raman nor in XRD spectra under compression up to 

70% strain. These results prove that the elastic behavior of the GA, described in the 

Mechanical section in Chapter 4 of this thesis, does not affect the crystal structure and 

chemical bonding in the GA samples. Therefore, it can be concluded that the structural 

changes in the compression are not the reason for the exceptional sensor response. Thus, 

the other suspect is the electrical contacts in the GA sensor.  

A two-probe and four-point probe measurements were performed to separate the effect of 

the contact resistance from the total resistance of the sensor in Figure 5.4a. The two-probe 

measurements in top-bottom and bottom contact configurations show both a huge change 

of resistance over the applied strain range (Figure 5.4b). The course of the curve is very 

similar for both configurations. This means that the position of the contacts does not affect 

the response of the sensor. The independence of the position of the contacts in the two-

probe measurement suggests that there is no change in the structure of the GA, which is 

in line with the observation from Raman and XRD spectra. However, this observation is in 

strong contradiction to the traditional piezoelectric sensors, where the electrical contacts 

need to be placed on the opposite sites of the sample to capture the deformation occurring 

in the bulk of the material. 

 

Figure 5.3 The graphene aerogel (GA) characterization under 70% compression. (a) X-ray 

diffractograms (b) Raman spectra of an unstrained and 70% compressed GA. 
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In Figure 5.4b, a four-probe measurement was performed to measure the actual 

resistance of the GA element by excluding the contact resistance. The measured electrical 

resistivity of the GA element is 0.02 Ω.m and does not vary much with the strain. This 

confirms that the sensing mechanism originates predominantly from the variation of the 

contact resistance of the interface between the porous GA and silver epoxy electrical 

contacts and not from the change of the internal resistance of the GA material. 

 

Figure 5.4 Effects of contact resistance on the graphene aerogel (GA) sensors under applied 

pressure. (a) Experimental setups for contact resistance measurements: two-probe configurations 

(top-bottom and bottom-bottom), and four-probe configuration. (b) The electrical resistance of the 

GA sensor was measured using the configuration shown in (a). (c) The relation between resistance 

and pressure of the GA sensor is measured in two-probe configurations. (d) Temperature 

dependence of the GA sensor response. 

 

The contact resistance mechanism in the GA device is also confirmed in a resistance-

pressure plot in Figure 5.4c. The plot shows an inverse linear log(R) and log(P) 
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relationship, which is a typical characteristic of the contact resistance dominated sensing 

mechanism.18–21 The log-log plot in the contrary to the plot in Figure 5.2b is not bilinear but 

possesses a single power-law dependence of resistance with pressure with nonnegative 

exponents. The linear dependence in the log-log plot spans over 3 orders of magnitude of 

a pressure, which is very unique. This means that the observed bilinear behavior shown 

in Figure 5.2 is simply a linear log-log asymptote of the contact resistance response.  

Based on the two and four-probe measurements, it can be concluded that the observed 

resistance change in the GA sensors with compressive and tensile stress originates from 

a varying electrical contact between the graphene sheets/struts with the silver epoxy glue. 

These findings also reveal that there is a simple power-law variation of the contact 

resistance with pressure in the GA sensors, which can be used for the quantitative 

determination of the stress and strain. 

Figure 5.5 shows the schematics of the mechanically variable contact resistance based 

sensing mechanism of the GA sensor. The sensing is based on the mechanical variation 

of the interface between the graphene sheets and the silver epoxy glue which results in a 

change of the total resistance of the sensor in two-probe resistance measurement. The 

total resistance of the GA sensor, RT, can be expressed as the summation of the 

resistances of all its components 

𝑅𝑇 = 𝑅𝐶 + 𝑅𝐺𝐴, 

where RC is the contact resistance and RGA is the resistance of the GA. The relation of 

changes in the RC vs. pressure (P) is described as 

𝑅𝐶(𝑃) = 𝑃𝑚, 

where c is a constant and m is the slope of the linear curve in the log-log graph. One of 

the requirements for using contact resistance as the sensing mechanism is  

𝑅𝐶 ≫ 𝑅𝐺𝐴. 

If the condition is not satisfied, for example, the RGA is higher than RC, then the signal-to-

noise ratio will be small and the change in the output current cannot be easily 

distinguished. This condition is well fulfilled in the GA sensor. This condition also suggests 

that the lower the resistance of the GA, the greater the sensor's sensitivity and lower 

current is needed for detection. This means that the electrical contact based sensing 

mechanism is inherently economically efficient and can operate at low power. 
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Figure 5.5 Contact resistance based sensing mechanism of the GA sensor. (a) Scanning electron 

micrographs of the GA showing the overall structure and the interface between the GA and silver 

epoxy glue. (b) Schematic of the GA sensor and the detail of the contact area (ΔA) between the 

graphene walls and the glue. The contact of the graphene and glue is changed according to the 

deformation. (c) Illustrations of the resistance change with deformation, where R1, and R2 denote 

the variable resistance of contacts related to the contacts, as shown in (b). 

 

The contact based sensing mechanism in the GA sensor is highly reversible due to the 

high flexibility of the graphene flakes and their covalent cross-linking in the GA. The cross-

linking of the graphene flakes provides an even distribution of the applied pressure and 

the deformation across the contact area of the silver glue and electrode. The description 

of the compression mechanism, including displacement, buckling, and bending of 

graphene pores described in Chapter 4 can be used as the explanation of the contact 

resistance changes at the interface of the GA and the silver epoxy. Under pressure, the 

deformation of pores increases the contact area of graphene flakes and thus the number 

of electrical paths between the GA and metal contacts (Figure 5.5b). Therefore, there is a 

decrease in the total resistance with pressure. At small deformations, minimal 

displacement is required for small pores and close vicinity of graphene struts to come 

together or close enough for tunneling. Additionally, there is also an increase in the 

electrical pathways due to the increased contact area at the edges of the pores. At large 

strain (high pressure) there is an increase in wall-to-wall contact area due to bending and 

buckling of all pore sizes resulting in a lowering of the contact resistance. The operation 
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range of the contact resistance is the result of incredible mechanical properties of the GA 

respectively graphene layers which provide the ohmic contact with rigid electrodes.  

The sensing mechanism based on the variable contact resistance has not been observed 

in any electro-mechanical 3D graphene based sensors.1,4–6 However, it has already been 

demonstrated in other materials.18–21 The previously reported mechanisms proposed for 

3D graphene based sensors have been based mainly on the change of the bulk 

resistivity.1,4–6 Unlike the usual bulk resistivity mechanisms, the variable contact resistance 

mechanism opens up the possibility of creating conceptually new sensors, as it relies 

mainly on the GA-contact interface. These sensors can be easily up or downscaled 

because the thickness of the GA does not affect the change in the contact resistance. 

Moreover, these sensors demonstrate fundamentally new features in comparison with 

standard ones because the contacts can be placed on the GA arbitrarily and independently 

of the applied force. If the right combination of the GA and contacts is chosen, the contact 

resistance exhibits temperature independence. 

 

5.3.3 Dynamic response 

The dynamic response of the GA sensor is shown in Figure 5.6. The GA sensor´s electrical 

response demonstrates an excellent recovery without any significant hysteresis when the 

load is released, similarly as observed in the mechanical testing in Chapter 4. It means 

the GA sensor can be used as a pressure and strain sensor simultaneously. The electrical 

current measurements were also used to determine the minimum force which can be 

detected with the GA sensor. The minimal detection limit of ~ 326 µN is demonstrated in 

Figure 5.6c. For the determination of the sensor´s response time, a small steel ball (0.1 g) 

was dropped on the sensor from a height of ~ 75 cm. The sample was powered with a 

fixed current (0.5 A) and the induced change in voltage of the sensor was measured using 

an oscilloscope. The rise time, defined as the time necessary for the increase of the output 

voltage from 10% to 90% of its maximum value, is calculated as 5.2 × 10-4 s. The fall time 

calculated as 6.1 × 10-4 s is the time required to drop the voltage from 90% to 10% of its 

maximum value (Figure 5.6d). The response time of the GA sensor is several orders of 

magnitude faster compared to the response time of previously reported GA sensors,2,22,23 

composited of,24–27 metal nanoparticles,28–32 porous sponges,33,34 and graphene 

transferred on polymer.35–37 The GA sensors can operate at a wider range of pressures, 

ranging from 1.18 MPa in compression to 0.55 MPa in tension. The comparison of the GA 

sensor with previously reported sensors can be seen in Figure 1.4 in Chapter 1. 
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Figure 5.6 The sensitivity and response time of the GA sensors. (a) and (b) Hysteresis curve of the 

GA sensor subjected to compressive (a) and tensile (b) stress. (c) The voltage response of the GA 

sensor shows the response time characteristics (Tr is rise time, Tf is fall time). (d) Ultralow force is 

detected by the current response of the GA sensor. 

 

 

Figure 5.7 The durability test of the graphene aerogel sensor. The sensor was subjected to 

repeated compression. 
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The durability and reliability of the GA sensor under dynamic pressure conditions were 

also tested as a result of the stability of the sensor´s response over more than 5000 cycles 

of loading and unloading (Figure 5.7f). 

 

5.3.4 Applications 

The GA-based sensor demonstrates a unique set of properties as a broad operation 

range, fast response, temperature independence, and high sensitivity, which are essential 

for several applications. In compression mode, the sensor operates in the pressure range 

of 100-106 Pa, which allows it to be used in real-time and quantitative measurements of 

human bodily actions from the skin.16 In Figure 5.8, the simple and ultrasensitive haptic 

sensor platform based on the GA was used for different applications of human body 

actions characterized by small or large pressure.  

To confirm the high sensitivity of the GA sensor in a real application, the heartbeat was 

determined from the movement of the artery on the wrist (Figure 5.8a,b). The sensor 

conformally covered the skin above the artery and reacted to the micrometer deformations 

of the skin caused by the pulsing of the artery. The GA sensor recorded the regular radial 

artery pulse waveform of a healthy person, and the heartbeat was determined from this 

signal (~ 72 BPM). With a detailed look at the recorded signal, there are three 

distinguishable peaks presented, which represent the pulse waveform of the incident 

forward wave (P1), reflected waveforms of the late systolic wave (P2), and the early 

diastolic wave (P3). The pulse waveform data can be used for calculating blood pressure. 

Thus, the GA sensor can provide real-time monitoring of blood pressure and pulse 

simultaneously.38,39 

The GA sensor was attached to a finger of a hand to demonstrate the wide range of 

operation and tactile sensing. The sensor attached to the index finger was subjected to a 

deformation caused by force used to hold and lift an object between the index finger and 

thumb (Figure 5.8c,d). The objects used in this experiment had variable weights (0.37-

515 g), such as foam, a magnet, and a bottle with a liquid. The electrical response of the 

GA sensor shows the increase of electrical current with a load. As the sensor is calibrated 

against a known weight, it is possible to find out the mass of the lifted objects with high 

accuracy. This particular example of tactile operation can be used in robotic applications 

to estimate the right force necessary for grasping the object.40 To further dig into the 

human-machine interface ability of the sensor, the GA sensor was mounted on the top of 
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the index finger, which was gradually bent. Figure 5.8e shows the response of the sensor 

to the bending of the finger. The sensor can detect the varying angle of the finger. These 

experimentally proved applications qualify the GA sensor for artificial skin and wearable 

sensor applications. 

 

Figure 5.8 Tactile sensing using GA sensors. (a) The current response of a GA sensor detects the 

movement of the artery on the wrist as a function of time. (b) A detail of a single peak from (a) 

showing three characteristic waveforms (P1, P2, and P3) of a human heart rate. (c) The response 

of the GA sensor (attached to the index finger) on grasping objects of variable weight with the thumb 

and index finger. (d) Comparison of the real and measured weight of different objects by the GA 

sensor in (c). (e) Monitoring the response of the GA sensor attached to the index finger to finger-

bending motions. 
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5.4 Conclusions 

In conclusion, the electro-mechanical properties of the GA were studied in regards to their 

application in tactile sensors. A fast, ultrasensitive, and wide-range pressure and strain 

covalently cross-linked GA sensor was prepared and characterized. The sensor worked 

in an incredibly broad range of pressures in tensile (0-0.55 MPa) as well as in compression 

(0-1.18 MPa). This wide working range enabled to sense all human bodily actions within 

a single sensor. Additionally, the sensor demonstrated negligible hysteresis, which can be 

used for simultaneous strain and pressure measurement. Moreover, the sensor showed a 

fast response time of 5.2 × 10-4 s and high sensitivity characterized by a gauge factor of 

11.6 in the compression and 3.4 in the tensile mode. The long-term stability and 

repeatability of the sensor were proved over 5000 compressing cycles. These unique 

properties of the sensor originate from a new sensing mechanism based on the variation 

of the contact resistance between the GA and metal contact with deformation.  

The GA sensor was successfully used in several practical applications. The sensor was 

capable of monitoring the human heart rate and pulse waveform from the wrist. It also 

enabled determination of the weight of the grasped objects and monitoring finger bending. 

These real examples prove the possibility of using the GA sensor for biomedical as well 

as robotic applications. Considering the simple fabrication of the sensor and its incredible 

mechanical and electro-mechanical properties, it has a high potential for real applications 

in biomedicine, wearable electronics, and tactile robotic applications. 
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6 Fire resistance of graphene aerogels 

 

6.1 Introduction 

Fire causes enormous damage, injuries, and loss of life worldwide. Protecting materials 

from fire damage is vital to many industrial, academic, and life safety applications. 

Although a handful of inherently flame-retardant materials exist, they are often expensive, 

difficult to be prepared in a large quantity, or do not have suitable physical properties for 

the applications.1 Therefore, there is a great demand for the development of new materials 

or chemical treatments that can prevent fire and protect materials and skin from burn 

damage or injury. In recent years, there has been increased interest in using various 

surface treatments to localize flame-retardant protection at the exterior of a material, 

where combustion occurs. These treatments have included surface modifications, sol-gel 

treatments, layer-by-layer coatings, and intumescent polyelectrolyte complexes.2–4 The 

application of flame-retardant treatments has been effective in reducing the flammability 

at the interface where an ignition source meets a flammable material,5 but it could not 

change the inherent flammability of the material. 

Carbon-based flame-retardant treatments provide environmentally responsible and 

effective flame protection. Over the years, numerous carbon-based flame-retardant 

treatments have been extensively investigated on different organic substances, such as 

fabric, wood, and polymers.6–9 Most of them included the addition of fire-retardant agents 

in the materials to promote carbonization and the creation of a heat-resistant char layer 

on their surface.10 These treatments employed a gas-phase flame-retardant mechanism 

or a condensed-phase flame-retardant mechanism.11,12 The former refers to a mechanism 

in which the flame retardant produces non-flammable gasses in the combustion process 

to dilute oxygen and combustible gas or block free radicals to participate in the combustion 

chain reaction.1 The latter one is based on the formation of a fire protecting carbon-rich 

char layer, which creates a passive barrier on the sample surface with self-extinguishing 

behavior during flame exposure.13 Char is a porous lightweight black carbon material with 

a high specific surface.14 Char layers are typically produced by a pyrolytic process by 

heating organic matter in the absence of oxygen. In this process, carbon residues are 

solidified through cross-linking and condensation reactions, creating a durable, low-

thermal-conductivity char shell on the surface of a flammable material.15 The resulting char 
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layer protects the underlying material from the action of the heat flux or the flame. It acts 

as a physical barrier that delays the transfer of heat and blocks the release of combustible 

gas in the pyrolysis of the material. Various methods of char preparation have been 

reported over the last two decades.15–17 Researchers have fabricated char layers 

containing diverse mixtures of sp2-sp3 hybridized carbon. Recent studies have 

demonstrated that higher graphitization of char resulting in honeycomb-like cross-linked 

carbon can better resist fire,18,19 providing a promising route to enhance flame-retardancy. 

This raises an intriguing question about the role of sp2-bonded carbon and defects in the 

fire resistance mechanism of carbon-based flame-retardant materials.  

Graphene has recently demonstrated excellent fire-resistant properties.20–22 Graphene 

has been shown to efficiently prevent the incorporation of oxygen into materials, acting as 

an anticorrosion and flame-retardant layer.23 In recent years, graphene additives and 

coatings have been extensively investigated in the development of fire-resistant 

materials.24,25 Adding graphene as an additive in materials has been shown to enhance 

not only their resistance to flame but also many other properties of the composite 

materials.26 Although graphene possesses high thermal stability in vacuum, the flame 

retardancy of pure graphene has not been found satisfactory in air.27,28 This is because 

single-layer graphene has relatively low-temperature stability in air of 

approximately  500 °C before it starts to oxidize.29 The oxidation stability of graphene can 

be further enhanced by increasing the number of layers up to a temperature of 705 

and  870 °C for few-layer graphene and graphite, respectively.30 Nevertheless, multilayer 

graphene materials assembled in a layer-by-layer manner have too high thermal 

conductivity to provide a sufficient thermal barrier to protect the material from fire/high 

temperature.31,32 Therefore, graphene layers have rather been used as seed layers for the 

formation of char layers on organic materials in fire-retardant applications.33 Interestingly, 

arranging graphene in a 3D porous structure can combine both the important virtues of 2D 

graphene and low thermal conductivity in a single material. 3D graphene structures in the 

form of foams, sponges, and aerogels have demonstrated oxidation stability between 500-

705 °C,34 yet extremely low thermal conductivity.35 Although there have been a few 

attempts that involved fire resistance testing of graphene aerogels,36–38 little is known 

about the actual fire-retardant ability and fire resistance of high-quality 3D graphene. 

In this chapter, the experimental observation of high-temperature fire resistance of GA 

with self-extinguishing behavior during flame exposure is reported. Structural and 

chemical changes of high-quality covalently cross-linked GA are systematically 
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investigated at different temperatures in air when exposed to propane, hydrogen, candle, 

and isopropyl alcohol (IPA) flames. The behavior of the GA is compared to graphene 

layers on a silicon dioxide substrate. The flammability and combustion rates of graphene 

are strongly influenced by the arrangement of graphene flakes in the material. In particular, 

the results reveal that the GA exhibits 1000 °C higher fire resistance than graphene on a 

substrate. Upon evaluating the structural and chemical changes of different graphene 

aerogels, the conditions at which the GA is fire resistant and exhibits self-extinguishing 

behavior to flame are determined, providing important guidelines for designing carbon-

based flame resistant and retardant materials. 

 

6.2 Methods 

Thermal diffusivity was measured using LFA apparatuses Netzsch LFA 467 (temperatures 

under 20 °C) and LFA 467 HT (temperatures above 20 °C). The penetration model, 

provided by the Netzsch company, was used for fitting the measured data. Recalculation 

of the thermal conductivity was done considering the specific heat capacity of 

graphite  707 J.kg.K-1 for the GA 39. This assumption can be made because the specific 

heat capacity of graphene aerogels is similar to graphite 35. The samples measured by the 

LFA were shaped into discs with a diameter of 6 mm and a thickness of 1 mm. Each 

sample was measured 3 times in the LFA apparatus. The thermal conductivity was 

evaluated as the average of 5 different samples. 

The burning experiments were done using 4 different types of flame. The GA sample 

(4× 3 × 3 mm) was attached to a non-flammable substrate and exposed to a flame. The 

burning process of GA specimens was recorded on a camera. The key parameter, the 

temperature of the flame, was determined with a thermocouple placed in contact with the 

sample. The temperature of flame mentioned in the results section describes the surface 

temperature of the GA in contact to the flame. The flames used for burning of graphene 

and GA were hydrogen (1500 °C), propane (1200 °C), candle (800 °C), and IPA (550 °C) 

flames. Each burning experiment was repeated 10 times and the graphs are the average 

of all results. 

Thermogravimetric analysis (TGA) was performed using a simultaneous thermal analyzer 

(Setaram Themys 2400) and mass spectrometer (Pfeiffer GSD 320 O3 OmniStar). The 

GA sample with a mass of 0.2-0.4 mg was heated in a platinum crucible with a heating 

rate of 10 °C.min-1. To perform the combustion thermal analysis of the GA samples in the 
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conditions similar to the normal air atmosphere, a homemade TGA setup was assembled 

(Figure 6.1). The homemade TGA consists of a tungsten boat, in which the GA sample 

(3× 2 × 1 mm) was heated up via a passing current regulated with a variable transformer. 

The temperature was measured using a pyrometer. The tungsten boat was covered with 

a glass lid to control the atmosphere around the sample. The atmosphere was controlled 

by flowing a mixture of CO2 and air under the glass lid. Here as opposed to the standard 

TGA, the volume loss was observed from a video taken through the glass lid.  

 

Figure 6.1 Schematic of a homemade setup used for heat resistance testing of GA specimens 

using a heated tungsten boat in air mixed with CO2. The optical image on the right shows a glowing 

boat with a GA sample heated to 650 °C. 

 

6.3 Thermal conductivity of graphene aerogel 

The thermal conductivity of the GA was measured using LFA. Even though graphene is 

one of the best thermally conductive materials with thermal conductivity of around 

4000 W.m-1.K-1,40 the thermal conductivity of the GA was found to be 0.026 W.m-1.K-1 at 

room temperature. The comparison of the thermal conductivity measured in this work with 

different low thermally conductive materials is shown in Figure 6.2a. The temperature 

dependence of the thermal conductivity measured by LFA is shown in Figure 6.2b. The 

thermal conductivity demonstrates a steady growth from 0.019 W.m-1.K-1 at  180 K to 
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0.068 W.m-1.K-1 at 1300 K. In the temperature range of 300-1300 K, the thermal 

conductivity increased only 2.5 times, demonstrating very low thermal conductivity both at 

low and high temperatures.  

Heat transfer through porous materials can be considered as a combination of solid, 

gaseous, and radiant thermal conductivity mechanisms.41 The GA, due to its extremely 

low density and perfect opacity, depresses all of these three types of heat flow 

mechanisms.42–44 Therefore the GA exhibits the thermal conductivity in the range of air 

and other highly insulating materials such as cork, styrofoam, and other reported graphene 

aerogels.34,35,44,45,46,47,48 The lowest reported thermal conductive solid-state material at 

room temperature has also been graphene aerogel with thermal conductivity of 

0.005 W.m-1.K-1.35 However, the thermal conductivity of this sample was measured at a 

low pressure of 6.7 × 10-4 mBar, which means that the thermal conductivity at the 

atmospheric pressure must have been slightly higher. 

 

Figure 6.2 Thermal conductivity determination. (a) Comparison of thermal conductivity of graphene 

aerogels (GA1-4),34,35,44,45 cork,46 styrofoam,47 and air 48 as a function of density. (b) Temperature 

dependence of thermal conductivity of the GA. 

 

6.4 Fire resistance of graphene aerogel 

6.4.1 Flame resistance of graphene and graphene aerogel in 

propane flame  

In Figure 6.3, the fire resistance of monolayer graphene on SiO2 is compared with the GA 

upon flame exposure in air. Monolayer graphene was grown by CVD on copper and 
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transferred on a 90 nm SiO2 layer on silicon.49 The monolayer graphene had a 

polycrystalline character with the size of crystallites of the order of 10 µm. Flame 

resistance testing using propane flame exposure to the samples at a fixed distance in 

combination with scanning electron and optical microscopy and Raman spectroscopy 

analysis were carried out. 

The flame resistance tests revealed significantly different behavior for graphene aerogels 

to monolayer graphene on SiO2 (Figure 6.3). SEM imaging showed the graphene aerogels 

to resist the propane flame for 50 s (Figure 6.3b). No modification of the graphene sheets 

in the GA structure was observed after the flame exposure at a temperature of 1200 °C, 

even in the high-resolution SEM images. The macroscopic mechanical properties of the 

aerogels were unaffected by the flame as well, demonstrating superelastic behavior both 

before and after the flame exposure. In contrast, monolayer graphene on a SiO2 subjected 

to a propane burner started to burn immediately after the flame exposure and disappeared 

completely within 5 s (Figure 6.3c). Although previous studies of graphene aerogels have 

shown their ability to partially resist flames at  500 °C,34 such a long and high-temperature 

resistance of graphene aerogels to flame has not been observed yet. The observed high 

flame resistance of our graphene aerogel is attributed to its high crystallinity, low amount 

of oxygen defects and other effects as discussed in detail below. 

Raman spectroscopy of monolayer graphene revealed significant changes to the 

graphene Raman bands for the sample exposed to the flame (Figure 6.3f). After 1 s, a 

prominent D band evolved in the sample, and the G and 2D bands widened, providing 

evidence of defect formation in the graphene lattice. The monolayer graphene completely 

burned down in a few seconds. No graphene-like bands were observed in the Raman 

spectra after 5 s of flame exposure. This is considerably different from the Raman 

investigation of graphene aerogels exposed to the flame in Figure 6.3e. The G and 2D 

bands of the graphene aerogel were not affected by the propane flame even after 50 s 

exposure, despite its crystal structure is not as good as the monolayer graphene. There 

was only observed a minor rise of the D band, most probably due to the saturation of 

defects by oxygen at the edges of graphene flakes in the aerogel. The results show 

distinctly different flame resistance behaviors of the graphene on a substrate and the 

graphene aerogel, highlighting the critical role of the arrangement of graphene flakes in 

the flame resistance of graphene. While free-standing graphene flakes in the graphene 

aerogel are non-flammable, graphene on a substrate is prone to rapid combustion in the 

flame. 
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Figure 6.3 Flame resistance testing of the graphene aerogel (GA) and monolayer graphene on 

SiO2 using a propane flame. (a) Demonstration of graphene aerogel interaction with the propane 

flame for 30 s. (b) SEM micrographs showing the same spots on the graphene aerogel before and 

after exposing it to the propane flame for 50 s and 120 s. (c) Optical images of monolayer graphene 

on SiO2 before and after the exposure to the propane flame for 1 and 5 s. (d) Volume changes of 

the graphene aerogel (GA) and monolayer graphene (MLG) after propane flame exposure. Raman 

spectra of (e) the graphene aerogel and (f) the graphene on SiO2 before and after subjecting it to 

the propane flame. 

 

6.4.2 Combustion of graphene and graphene aerogel in various 

flames 

A detailed study of the flame resistance and burning behavior of graphene aerogels in 

different types of flames is presented in Figure 6.4. The testing of the samples was carried 

out using hydrogen, propane, candle, and IPA flames. The exposure of the graphene 
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aerogels to the flames is illustrated in Figure 6.4a. Each of the flames induced a different 

temperature on the surface of the sample. The sample temperature was 550, 800, 1200, 

and 1500 °C for IPA, candle, propane, and hydrogen flames, respectively. The 

temperature was calibrated using a thermocouple. Thermal camera imaging revealed a 

significant temperature gradient across the graphene aerogel exposed to the flames 

(Figure 6.4b). The temperature dropped from 1500 °C on one side of the sample over a 

5 mm thick graphene aerogel down to room temperature on the other side of the sample, 

demonstrating effective shielding of the heat from the high-temperature flame. Such a high 

gradient is attributed to an extremely low thermal conductivity of the graphene aerogel, as 

has been reported in previous studies.35  

The burning process of the graphene aerogel consists of two phases (Figure 6.4c). In 

phase 1, graphene aerogel resists the flame, demonstrating self-extinguishing behavior 

with no observable change in the size and material properties. The time of the flame 

resistance phase is found to decrease with increasing temperature (inset in Figure 6.4c). 

In a hot hydrogen flame at 1500 °C, the resistant phase lasted only for 40 s. While it was 

longer in the low-temperature IPA flame, in which the graphene aerogel remained 

unchanged at  550 °C after an hour of exposure. In phase 2, graphene aerogel starts to 

burn, and a reduction of the sample volume is observed (Figure 6.4c). The combustion of 

graphene flakes happens at the surface of the aerogel in the area with the highest 

temperature and slowly proceeds towards the interior of the aerogel. In this phase, there 

is also observed an increase in the D band in Raman spectroscopy (Figure 6.3e), which 

confirms the formation of defects in the free-standing graphene flakes during burning. 

Interestingly, no transition from phase 1 to phase 2 was observed in the IPA flame, which 

suggests that graphene aerogels can become fire-resistant under specific conditions. 

The burning rate of the graphene aerogel exhibits roughly a linear relationship with time 

for all tested flames (Figure 6.4d). As expected, the burning rate is slower at low 

temperatures and increases in hot flames. Even though graphene aerogel could resist the 

flames for longer and at higher temperatures than graphene on a substrate, the burning 

rate of the graphene aerogel is found to be an order of magnitude higher than that of the 

monolayer graphene on SiO2. This can be explained by the fact that reactive oxidation 

species in the flame can access both sides of the free-standing graphene walls in the 

graphene aerogel, whereas the substrate protects one side of graphene on SiO2. 

Therefore, the collision probability of the reactive oxidation species is higher in free-

standing graphene, which leads to a faster burning rate. 



 

115 
 

 

Figure 6.4 Flame resistance and burning behavior of graphene aerogels (GA) in different types of 

flames. (a) Illustration of different flames used in burning experiments. (b) Thermal imaging of 

graphene aerogel when exposed to a hydrogen flame using an infrared (IR) camera. (c) Volume 

changes of graphene aerogels after exposing them to different flames. (d) Burning rate of graphene 

aerogel and monolayer graphene on SiO2 as a function of temperature and flame type. 

 

6.4.3 Fire resistance of graphene aerogel to low-temperature 

flames 

Of particular interest is the remarkably high resistance of graphene aerogels to the IPA 

flame, in which no burning of the sample was observed at  550 °C even after hours of 

exposure to the reactive flame containing oxidizing ions and radicals. To gain more insight 

into this unusual behavior, we examine the difference between graphene aerogel and 

graphene on SiO2 after the IPA flame exposure using optical microscopy, SEM, and 

Raman spectroscopy in Figure 6.5. Both Raman spectroscopy and SEM micrographs 

confirm that the structure of the graphene aerogel was not affected by placing it in the IPA 
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flame for 60 minutes (Figure 6.5a,b). On the other hand, graphene on SiO2 demonstrates 

rapid degradation when exposed to the same IPA flame (Figure 6.5c,d), similarly to the 

propane flame (6.3c,f). The optical images show that graphene on SiO2 is significantly 

etched away after 10 s, as seen by the disappearance of graphene near the straight 

scratches and the appearance of bright spots on the surface. The graphene layer 

completely disappears in the flame after 80 s. The observed dark layer on the surface 

after  120 s corresponds to soot from the incomplete burning of IPA flame. Raman 

spectroscopy reveals that the burning of the monolayer graphene results in a decrease of 

the 2D peak, broadening of the G peak, and rise of the D peak (Figure 6.5d). The broad 

D and G bands seen in the spectra at 10-120 s correspond to a non-graphene-like Raman 

spectrum of the soot. This is in striking contrast to the graphene aerogel exposed to the 

IPA flame (Figure 6.5b), where no change in the Raman spectra is observed even after 

60 minutes of the exposure. 

 

Figure 6.5 Flame resistance testing of the graphene aerogel (GA) and monolayer graphene on 

SiO2 using an isopropanol flame (IPAF). (a) Optical, IR, and SEM images of a graphene aerogel 

exposed to the IPA flame for 60 minutes. (b)  Raman spectra of the graphene aerogel before and 

after the exposure to the IPA flame. (d) Optical images and (e) Raman spectra of monolayer 

graphene on SiO2 exposed to the IPA flame for different time periods. 
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6.4.4 Elemental analysis of graphene aerogel exposed to flames 

 

Figure 6.6 X-ray photoelectron spectroscopy analysis of graphene aerogels exposed to propane 

and IPA flames. (a) C 1s and (b) O 1s spectra of a graphene aerogel exposed to a propane flame. 

(c) Evolution of the concentration of carbon and different oxygen bonds in the graphene aerogel 

exposed to the propane flame as a function of time. (d) C 1s and (e) O 1s spectra of a graphene 

aerogel exposed to an IPA flame. (f) Evolution of the concentration of carbon and different oxygen 

bonds in the graphene aerogel before and after the exposure to the IPA flame. 

 

Figure 6.6 shows the elemental analysis of graphene aerogels exposed to propane and 

IPA flames using XPS. XPS reveals the evolution of carbon and oxygen bonding in the 

pristine and flame-exposed graphene aerogels during the flame-resistant phase (phase 1) 

and burning phase (phase 2). The typical signatures of phase 1 can be seen in the 

graphene aerogel exposed to the IPA flame for 60 min. The graphene aerogel exposed to 

propane flame shows both phases. Phase 1 is seen in the sample exposed to the propane 

flame for 50 s and phase 2 in the sample exposed for  120 s. The C 1s and O 1s spectra 

(C 1s and O 1s) of the pristine aerogel (0 s) show that the sample does not contain any 

oxygen prior to the flame exposure, only carbon. After exposing the aerogels to both the 

flames, the amount of oxygen increases. In phase 1, the oxygen content increases to 8-

11%. The deconvolution analysis of the oxygen bonds shows that the majority comprises 

single-bonded oxygen to carbon (7-10%). There are also seen carboxyl bonds (1%), but 

no carbonyl bonds. In phase 2, the amount of carboxyl and carbonyl bonds increased 
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significantly to 9% and 5%, respectively, as seen in the sample exposed to the propane 

flame for  120 s. These data show a noticeable trend that the non-flammability is 

interconnected with the amount of double-bonded oxygen. Once there is no double-

bonded oxygen or just fractions, the graphene aerogel survives in the flame. As soon as 

the amount of double-bonded oxygen is increased, the graphene aerogel starts to burn.  

 

6.4.5 Thermal stability of graphene aerogel 

Although the inability to form carbonyl defects in free-standing graphene can partially 

explain the fire resistance of the graphene aerogels, it cannot explain why they can survive 

highly oxidizing flames at temperatures well above the oxidation stability of graphene. To 

determine the thermal stability of graphene aerogels, we conducted thermogravimetric 

analysis (TGA) and combustion gas analysis under air, air/CO2, Ar, Ar/O2, CO2, and 

CO2/O2 atmospheres (Figure 6.7). The atmospheres containing different concentrations of 

CO2/O2 were studied because carbon dioxide is the main product of the combustion of 

graphene and organic fuels in flames. Due to the porous structure of graphene aerogels, 

CO2 might get trapped in the porous structure of graphene aerogel and reduce the amount 

of available oxygen during flame exposure. TGA and differential TGA (DTGA) curves 

reveal that the graphene aerogels have oxidation stability above  615 °C in Ar/O2 

(Figure 6.7a,b). The primary mass loss is observed in the range of 615-780 °C under the 

Ar/O2 atmosphere. The small mass loss (10%) observed at lower temperatures is most 

probably caused by the desorption of the adsorbed molecules (H2O and aromatic 

molecules) from the porous structure of the graphene aerogel. The combustion 

temperature of the graphene aerogel in a synthetic air atmosphere (20% of O2 in Ar) 

is  670 °C. The combustion temperature was determined from the DTGA curves at a 

temperature with the maximum mass loss. Mass spectroscopy determined that the main 

combustion products of the graphene aerogel are CO2 and H2O. TGA and DTGA curves 

of the graphene aerogel heated under CO2/O2 and air/CO2 atmospheres show that 

increasing CO2 concentration and decreasing concentration of O2 can significantly 

increase the combustion temperature of graphene aerogels. When the concentration of 

O2 is decreased below 5% (Figure 6.7c,d), the combustion temperature of the graphene 

aerogel rises well above  700 °C. Similarly, the combustion temperature increases 

significantly in high concentrations of CO2 in air when a graphene aerogel is heated on a 

heating element (Figure 6.7e,f). With the increasing amount of CO2 in the reaction 

chamber up to 50%, the combustion temperature gradually rises from 725 to  815 °C. In a 
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pure CO2 atmosphere, the combustion temperature was higher than the measurable limit 

(> 1000 °C). 

 

Figure 6.7 Thermogravimetric analysis of graphene aerogels under different atmospheres. (a) TGA 

and (b) DTGA graphs of graphene aerogel in an Ar atmosphere with a different oxygen 

concentration. (c) TGA and (b) DTGA graphs of graphene aerogel in a CO2 atmosphere with a 

different oxygen concentration. (e) Optical image of a graphene aerogel sample heated on a 

tungsten heating element in a reaction chamber containing an air/CO2 mixture. (f) Mass loss of 

graphene aerogel as a function of temperature in an air atmosphere with a different CO2 

concentration  
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6.4.6 Flame resistance and retardancy mechanism 

The observed flame retardancy and resistance of graphene aerogels from 550 up to 

1500 °C can be understood based on the combination of several effects, as schematically 

shown in Figure 6.8. Firstly, the pores on the surface of the graphene aerogel are filled by 

CO2. They provide a non-flammable protective gas layer. The high concentration of CO2 

in the pores of the graphene aerogel blocks the supply of oxygen and restricts the 

combustion of graphene even at temperatures above its oxidation stability temperature. It 

is assumed that CO2 is generated most probably from the burning of weekly bonded 

species (organic molecules) on the surface of the aerogel, which are decomposed at lower 

temperatures than graphene. This can also explain why graphene aerogel can survive in 

the hydrogen flame, whose combustion products do not involve CO2. The second 

important effect involves the self-healing and self-extinguishing properties of graphene. 

Free-standing graphene plays a key role in this mechanism because it can suppress the 

creation of double-bonded oxygen groups on the surface, restricting the graphene 

combustion in the flame. The last important effect involves the extremely low thermal 

conductivity of graphene aerogels that provides effective thermal shielding of the 

subsurface material from the heat generated by the flame.  

 

 

Figure 6.8 Schematic of the flame resistant and burning mechanisms in graphene aerogels. It 

shows a capture of CO2 in the pores, which leads to a decrease in the oxygen levels in the material 

and the gas-phase flame-retardant mechanism in the graphene aerogels. The schematic on the 

right shows the atomic model of free-standing graphene before flame exposure in the fire-resistant 

(phase 1) and burning phases (phase 2). 



 

121 
 

6.5 Conclusions 

In this chapter thermal properties of the GA were studied. The GA exhibits an extremely 

low thermal conductivity of 0.026 W.m-1.K-1, which is comparable with the lowest 

conductivity reported in 3D graphene materials in the literature. Therefore, the GA is highly 

thermally insulating and provides a huge temperature gradient. When one side of the GA 

sample is heated to 1500 °C, it shows room temperature on the other side for a thickness 

over a 5 mm. 

The flammability and the behavior of the GA under flame exposure in air was deeply 

studied. It was found that the burning of the GA consists of two phases. In the first flame 

resistant phase, there is not even a microscopic change in the 3D structure, and the GA 

can resist the flame. The length of the flame resistance is dependent on the temperature. 

The GA can resist flame at 1500 °C for at least 40 s, while the GA can sustain in the flame 

with a temperature of 550 °C for at least 60 min without any damage. In the second phase, 

the GA starts to slowly burn with a burning rate in the range of 1015 atoms.s-1. This 

observation is different than for monolayer graphene on a substrate. The burning of the 

monolayer graphene in flame contains only the second burning phase, or if there is also a 

non-burning phase, it is shorter than 1 s. On the other hand, the burning rate for monolayer 

graphene is of around 1013 atoms.s-1, which is slower than the GA. Interestingly, the GA 

can sustain in the flame without any damage above the oxidation temperature of 

monolayer graphene. This is because the oxidation temperature of the GA determined 

using TGA under Ar/O2 atmosphere is around 615 °C. 

The explanation of the unique non-burning phase and the flame resistance of the GA was 

proposed as a combination of several effects, including low thermal conductivity, pores 

filled with CO2, and a self-healing defect mechanism. The presence of the non-burning 

phase and huge temperature gradient gives an opportunity to use the GA as a fire 

protective material for tools, clothes, materials, and devices. The results also provide 

important guidelines for designing other carbon-based flame resistant and retardant 

materials. 
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7 Summary 

This thesis is focused on the transformation of graphene into three-dimensional material. 

Here, graphene aerogel was chosen as the most appropriate form of three-dimensional 

graphene because it offers extremely low density and high porosity. A template-free 

synthesis method of covalently cross-linked graphene aerogels is developed using 

hydrothermal synthesis, freeze-drying, and high-temperature annealing. The method 

converts graphene oxide into 3D graphene aerogel. The method can control the resulting 

properties of the aerogel by tuning the density, amount of carbon, oxygen and defects, 

and bonding among individual graphene sheets. The as-prepared graphene aerogel was 

characterized using SEM, Raman scattering, XPS, FTIR, and XRD. The thesis also 

investigated its mechanical, electrical and thermal properties and resistance against fire. 

The graphene aerogel demonstrates unique properties in all these areas. The unique 

properties originate from the combination of the properties of individual atomically thin 

graphene sheets, the interaction between them, and the cellular structure of the aerogel. 

The thesis provides a new strategy for transferring properties of two-dimensional material 

into a macroscopic form, opening new possibilities for developing new advanced light-

weight materials and devices which can be used in various biomedical, engineering and 

electronic applications. 

The fabricated graphene aerogel exhibits mechanical robustness and especially 

superelastic behavior over a wide range of strain and stress. The demonstrated strength 

and elastic range exceed all previously reported 3D graphene structures. The elastic limit 

of the graphene aerogel is found at 4.5 GPa at 92% of a strain in compression. In tension, 

this material exhibits the most considerable elastic deformation up to 68% of strain, with 

an elastic yield strength of 0.6 MPa. The high strength in tension provides indirect proof of 

the creation of covalent cross-linking in the aerogels because no other bond would be able 

to sustain such high stress. Moreover, the aerogel demonstrates an immediate elastic 

response to the applied force when deformed. The response time of the aerogel was found 

in the range of nanoseconds, which is much faster than in other 3D graphene structures. 

This property is explained by the ability to elastically damp mechanical vibration using 

elastic scattering of mechanical waves in the material. The unusual elastic properties of 

the graphene aerogels are explained by a new analytical model based on the gradual 

buckling of individual pores. This model fits the experimental data and provides new insight 

into the deformation mechanism of graphene aerogels under compression. 
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The graphene aerogel, when subjected to deformation, changes its electrical conductivity. 

This feature is used for the construction of pressure/strain sensors. The major advances 

of the sensor based on the graphene aerogel are a wide range of pressure/strain, an 

ultrafast response time of 5.2 × 10-4 s, high sensitivity with a gauge factor of 11.6 in the 

compression and 3.4 in the tensile mode, the detection limit of 326 µN, and high durability 

of more than 5000 compression cycles. These parameters qualify the sensor for 

monitoring various human bodily actions and robotic applications. These remarkable 

sensing properties are not only caused by the graphene aerogel itself but also due to a 

new type of sensing mechanism in these sensors. The new sensing mechanism is based 

on the mechanically variable contact resistance between the graphene aerogel and solid 

metal contacts. It is demonstrated that this mechanism can cover a much wider pressure 

range than other common mechanisms which are based on the change in the bulk 

material´s conductivity. 

The graphene aerogel possesses extremely low thermal conductivity of 0.026 W.m-1.K-1 

in air, which is one of the lowest conductivity within 3D graphene structures. It also exhibits 

exceptional fire resistance and self-extinguishing behavior. This fire-resistant mechanism 

consists of two phases, where the material in phase 1 resists even hydrogen flame 

(1500 °C on the surface) for 40 s. In phase 2, the graphene aerogel starts to burn slowly. 

The presence of the non-burning phase 1 was explained by a combination of extremely 

low thermal conductivity, 3D porous structure, and capturing the CO2 molecules into pores. 

The results provide important guidelines for designing highly flame-resistant carbon-based 

materials which can be used in many industrial, academic, and life safety applications. 

The thesis explored several exciting properties of the covalently cross-linked graphene 

aerogels. It is anticipated that future studies of these materials can improve their properties 

even further. Notably, it is worth trying to decrease the thermal conductivity of the 

graphene aerogel to obtain the most insulating material. Mechanical and electrical 

properties can also be improved by increasing the covalent crosslinking and decreasing 

porosity of the aerogels. It would be interesting to study the optical and magnetic 

properties of graphene aerogels in the future. The optical properties in the THz range of 

graphene aerogels might be particularly interesting because they fill the gap between the 

current electronic and photonic era. In this range, there is still a lack of devices/materials 

which can control and manipulate THz radiation. As the material is superelastic and 

possesses electromechanical behavior, optical properties under compression might also 

lead to some unique optomechanical behavior and devices.
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