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Abstract 

The variability of the nanostructure of carbon materials results in a uniquely wide range of 

physical and chemical properties. This work analyses how the nanostructure affects the 

thermal stability of 2D and 3D graphene-based materials (graphene, fullerene, nanotubes, and 

zeolite-templated carbon), disordered and 3D ordered mesoporous carbon materials 

(activated carbons, CMK-3, 3DOMM), and layered carbon materials (few-layer graphene, 

graphene nanoplatelets, graphite) in the air. The combination of structural, thermogravimetric 

and calorimetric analysis under identical conditions for all the carbon nanomaterials showed 

that the most decisive factor increasing the stability is the stacking of graphene layers parallel 

to each other with a long-range order, increasing the onset oxidation temperature (Ton) with 

the number of graphene layers from 530 °C for graphene up to 800 °C for graphite. The 

unsaturated carbon atoms at the defects and edges and the bending stress in the 3D graphene 

layers cause that graphene, the 3D non-defective monolayer in fullerenes and the defective 

monolayer in zeolite-templated carbon exhibit similar stability to disordered amorphous 

materials, as well as 3D organised mesoporous materials. All these materials are oxidised in 

a narrow interval Ton from 485 to 530 °C. The most significant factor for reducing the stability 

is the presence of specific oxygen-containing functional groups, lowering Ton for materials with 

oxidized edges with prevailing hydroxyl groups by up to 150 °C. The relationships between the 

carbon structure and the stability in the air provide information for targeting the nanostructure 

of carbon materials in relation to their stability. 

  

Keywords: Nanostructured carbon materials; Carbon nanomaterials; Oxidation; Structure-

stability relationship, Differential Scanning Calorimetry (DSC); Thermogravimetric analysis 

(TG) 

  



3 

 

1. Introduction 

Carbon chemistry enables the preparation of nanostructured carbon materials with a 

wide range of physical properties that can be specifically targeted for the development of stable 

catalysts, electrocatalysts, adsorbents, sensors, and many other applications with enhanced 

functionality compared to traditional carbon materials. Traditional carbon materials such as 

graphite and activated carbons constitute the main group of materials that have been used for 

decades as catalyst supports in heterogeneous catalysis, and the use of nanostructured carbon 

materials can significantly improve their functionality [1-3]. However, the thermal stability of 

carbon nanomaterials in the air, e.g. nanocarbon catalysts for selective oxidation or oxidative 

dehydrogenation of hydrocarbons, is a prerequisite for their application [4-6]. The stability of 

carbon nanomaterials also plays a key role in their safe applications in electrodes in batteries, 

in electrochemical processes [7, 8] and in electronics [9]. The stability of nanocarbon materials 

is also used for enhancement of the functional properties of a broad range of nanocomposites 

[10].  

The thermal behaviour and stability of carbon nanomaterials in the air have often been 

studied in detail for individual nanostructured carbon materials, such as nanotubes [6, 11-15], 

fullerenes [16-20], graphene and graphene-related materials [21-27]. However, the stability 

analysis is often based on various parameters of thermal investigation, such as the gas 

atmosphere, heating rate, and regime and the amount and form of the nanostructured analysed 

carbon, tailored for the requirements of their respective fields of application, and thus makes it 

difficult to compare the published results on the stability of nanostructured carbon materials. 

Even for precisely defined structures, such as C60 fullerene, a wide range of temperatures have 

been reported for oxidation in an oxidizing atmosphere. Oxidation of fullerene C60 was 

observed, e.g. at 450 °C by Gallagher and Zhong [19] and at 580 °C by Milliken et al. [16]. 

Later, Cuesta et al. showed that the thermal behaviour and stability of C60 fullerene depend on 

the heating rate because of the overlapping of different phenomena that take place during 

heating in an oxidizing atmosphere [28]. The stability of nanostructured carbon materials can 

be affected by the presence of other carbon phases, impurities, and imperfect structures, but 

also significantly by the measuring conditions of the thermal analysis. Analyses of the thermal 

stability of nanotubes have found their oxidation in a wide temperature range from 350 °C to 

600 °C depending on the measuring conditions, the amorphous carbon content present in the 

nanotube samples [13, 29] and the transition metal catalyst content used for preparation of the 

nanotubes [13, 29, 30]. The maximum and end oxidation temperatures of carbon nanotubes 

were also shown to be strongly affected by different heating rates [31].  
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In this study, the potential and advantages of thermal analysis were exploited for 

determining the stability of important representatives of traditional and nanostructured carbon 

materials . The study was not directed towards gaining an understanding of all the structural 

parameters affecting the stability at the atomic level, but rather towards describing and directly 

comparing the thermal stability of important carbon nanostructures, considering their structural 

order and degree and type of defects characterising the individual groups of nanostructured 

carbon materials. Four groups of carbon materials were investigated in this study: i) Planar 

carbon materials with different numbers of graphene layers (graphene, double-layer graphene 

(2LG), graphene nanoplatelets (GNPs) and graphite), ii) oxidized carbon materials with a 

single layer (oxidized single-walled nanotubes (Ox-SWNTs)) and multiple graphene layers 

(oxidized double-layer graphene (Ox-2LG), oxidized graphene nanoplatelets (Ox-GNPs) and 

graphite oxide (GtO)), iii) 3D carbon materials with a single carbon layer (fullerenes C60 and 

C70 and zeolite-templated carbon (Y-carbon)), and iv) amorphous carbon materials (activated 

carbons (AC) and 3D organized mesoporous carbon materials (3DOMM and CMK-3)). 

Illustrations of the structures of the studied carbon materials are shown in Figure 1. These four 

types of materials were chosen to analyse the effect of different numbers of graphene layers, 

the presence of oxygen-containing functional groups, the 3D organization of graphene layer 

and structural disorder on the thermal stability in the air. The structure of the studied materials 

was described using complementary microscopic, diffraction, sorption and spectroscopic 

techniques, and then their thermal stability was analysed to identify the decisive structure-

stability relationships. The work demonstrates how the nanostructure affects the stability under 

identical conditions, providing a knowledge base for rational choice of conditions during the 

preparation of functional carbon nanomaterials and conditions for their possible use with 

respect to their stability. 

 

2. Experimental 

2.1 Carbon Materials 

This study preferably employed readily available standard carbon materials to analyse 

their stability in the air. Materials that are not commonly commercially available were 

synthesized in our laboratory using well-established procedures. Graphene (PN AC453150010, 

LN A0443419) was provided by Thermo Scientific. Graphene (2-3 layers, LN GP043-18) was 

supplied by 2DM. Graphene nanoplatelets (PN 799084, LN MKCC1502), Oxidised graphene 

nanoplatelets (PN 796034, LN MKCP6914), Graphite (PN 1.04206, LN MKBV3964), 

oxidised single-walled carbon nanotubes (PN 775533, LN MKCM0030), fullerene C60 (PN 
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572500, LN WXBD5649V), fullerene C70 (PN 482994, LN MKCB3512), activated carbons 

(PN 31616, BCCG4825 and PN 1.02184, LN K52167084 138) were purchased from Sigma-

Aldrich. The CMK-3 carbon material characterised by a two-dimensional hexagonal rod array 

was synthesized using furfuryl alcohol (FA, 98%, Sigma-Aldrich) as the carbon precursor and 

ultra-large-pore mesoporous SBA-15 silica was used as the hard template. The pores of SBA-

15 silica were impregnated with a mixture of FA and oxalic acid dihydrate (OAD, 99%, Sigma-

Aldrich) keeping the FA/SiO2 ratio at 4.4 and annealed at a FA polymerisation temperature of 

90 °C for 4 days and at 150 °C for 3 h. The composite material was then pyrolyzed at a 

temperature of 900 °C for 3 h. SiO2 was removed in 5% hydrofluoric acid (HF) for 5 h and 

then for 40 min in 40% HF at room temperature. A detailed description of the synthesis of 

CMK-3 is published elsewhere [32]. 3DOMM carbon with a spherically porous three-

dimensionally ordered micro-mesoporous structure was prepared using SiO2 nanoparticles 

according to Fan et al. [33]. The lysine-silica nanoparticle solution was evaporated and then 

dried at 70 °C. The space among the prepared SiO2 nanoparticles was filled with a mixture of 

FA and OAD. The composite material was pyrolyzed at 900 °C for 3 h and cooled in a flowing 

helium atmosphere. The silica spheres were dissolved in a large excess of 5% HF aqueous 

solutions for 5 h and in 40% HF solutions for 40 min at room temperature. 3DOMM carbon 

was repeatedly washed with demineralized water and filtered [34]. Zeolite-templated carbon 

(Y-carbon) was prepared using faujasite (FAU) zeolite (H+ form, Si/Al = 6, Zeolyst Int., PN 

CBV712, LN 712014001708,) as a hard template. Chemical vapor deposition with propylene 

at 750 °C and subsequent calcination in a He stream at 900 °C was carried out to form the 3D 

graphene-like structure in the zeolite channels. The zeolite matrix was subsequently dissolved 

with HF and HCl acids. The resulting 3D nanocarbon sample was isolated by repeated 

centrifugations, washed with a large volume of demineralized water, and filtered. Finally, the 

Y-carbon sample was dried in the air at 120 °C for 12 h. For a detailed description of the Y-

carbon, see Ref. [3]. 

 

2.2 Characterization of Carbon Materials 

High resolution transmission electron microscopy (HR-TEM) analysis was carried out 

using a JEOL JEM 2100 instrument with accelerating voltage of 200 kV, an La-B6 filament as 

an electron source and resolution of the lattice image of 0.14 - 0.2 nm. The samples were 

dispersed in ethanol and a droplet of dispersion was cast on a lacey carbon coated copper grid 

specimen support. A low sample concentration in the dispersion was used to avoid an excessive 

agglomeration during evaporation. Microscopic images were taken for the particles of the 
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studied carbon material captured and randomly oriented on the edge of the holes of the lacey 

carbon film. This enables TEM measurement without background interference. The 

measurement of 60 nanoplatelets was carried out and the ImageJ software was used for 

estimation of the number of layers in carbon nanoplatelets. The crystalline structure was studied 

by X-ray diffraction (XRD). The results were collected using a MiniFlex600 diffractometer 

(Rigaku) working in Brag-Brentano (θ/2θ) geometry with a 1D D/teX Ultra silicon strip 

detector and Kβ filter. CuKα1 (λ = 0.15418 nm) and CuKα2 (λ = 0.15405 nm) radiation were 

used. The diffractograms were obtained for an angle of 2θ in the range from 2° to 80°, step size 

0.01°, with a data collection speed of 5° min-1. The porosity of the carbon materials was 

determined by nitrogen adsorption at the boiling temperature of liquid nitrogen. Before the 

adsorption experiments, the samples were degassed at 240 °C for at least 24 h to ensure 

complete surface cleaning. The experiments were performed using an ASAP2010 instrument 

(Micromeritics). GtO was degassed at 80 °C for 24 h because it is unstable and can undergo 

decomposition at temperatures above 140 °C [35, 36]. The BET (Brunauer-Emmett-Teller) 

theory was used to evaluate the total surface areas. The porosity distribution was evaluated by 

the Density Functional Theory using the N2 - DFT Model with non-negative regularization. An 

Omicron Nanotechnology ESCAProbe P spectrometer (Omicron Nanotechnology GmbH, 

Taunusstein) was used to measure the X-ray photoelectron spectra. XPS analysis was 

performed at a pressure of ~10−8 Pa. The X-ray source was monochromatic at 1486.6 eV. The 

XPS spectra were measured with a step size of 0.1 eV. A damped nonlinear least-squares fitting 

procedure was used to distinguish partially resolved lines in the C 1s photoelectron spectra 

[37]. The spectra were approximated by a weighted sum of a minimal number of lines 

approximated by pseudo-Voight functions. The Shirley background was employed. 

 

2.3 Analysis of Thermal Stability 

The thermal stability was analysed using simultaneous thermogravimetry and 

differential scanning calorimetry (TG-DSC, Labsys, Setaram). The temperature and the 

calorimetric signal of the instrument were calibrated using pure metals (In, Sn, Pb, Zn, Al, Ag, 

Au, and Ni). The noise level was 0.002 mg for the TG signal and 0.2 mW for the DSC signal. 

The 5 mg samples were measured within the 25 – 1200 °C temperature range in a corundum 

crucible (volume 100 μl) with a heating rate of 10 °C min-1. The experiments were carried out 

under an atmosphere of synthetic air (mixture of 20% pure oxygen in pure nitrogen, Messer 

Technogas) with a flow rate of 50 ml min-1. The measurement curves were corrected by 

performing an automatic blank curve subtraction. The blank curves were measured with an 
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empty crucible. Both the sample weight loss and the heat flow were analysed as functions of 

the temperature. The TG signal was evaluated as the change in the sample mass Δm (%) over 

a certain temperature range. The characteristic onset (Ton), maximum (Tmax), and offset (Toff) 

temperatures were determined from the DSC signals (see the evaluation description in Figure 

S1). The reproduced TG/DTG-DSC measurements are shown in Figure S2. 

3. Results and Discussion 

3.1. Analysis of the Structure of Carbon Materials 

The study compares the thermal stability of materials with a planar structure but with 

different numbers of graphene layers (graphene, 2LG, GNPs and graphite), oxidized carbon 

materials (Ox-2LG, Ox-SWNTs, Ox-GNPs and GtO), 3D carbon materials with a single 

graphene layer (fullerenes C60 and C70 and Y-carbon), and amorphous activated and 3D 

organized mesoporous carbon materials (AC, 3DOMM and CMK-3). Illustrations of the 

structures of the studied carbon materials and their structural characteristics are shown in 

Figure 1 and Table 1. The structures of all materials were analysed using complementary 

microscopy (HR-TEM, HR-SEM), XRD, XPS, and N2 sorption characterization techniques 

prior to calorimetric and thermogravimetric analysis of the stability. 

 

3.1.1. Microscopic Analysis 

Representative HR-TEM images of the studied carbon materials are shown in Figure 2. 

The HR-TEM images of graphene and oxidized graphene appear as almost transparent, slightly 

wavy and crumpled, variously interwoven sheets characteristic of suspended graphenes [38]. 

In addition to the characteristic graphene monolayers, regions with the presence of several 

stacked graphene layers (typically 2-3, rarely 4-5) with extended lateral dimensions were also 

observed in a very small number in the samples. The images of 2-LG materials show the 

presence of typically two to three layers with a small occurrence of multiple layers and a lateral 

size of sheets up to 1 µm. The microscopic images of GNPs and Ox-GNPs contain 

submicrometer platelets consisting of several sheets of graphene with an overall thickness of 5 

- 20 layers (Figure S3). Characteristic TEM images of graphene, Ox-2LG and graphene 

nanoplatelets at the same magnification in figure S4 clearly show the difference in the shape 

of single and multilayer materials. While graphene materials resemble crumpled silk, 

multilayer graphene nanoplatelets are in the form of planar plates. Microscopic images of 

graphite exhibit the characteristic graphite structure consisting of regularly stacked layers of 

graphene forming large units of graphite grains. 
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Microscopic analysis of the sample of single-walled nanotubes indicated the presence 

of well-developed nanotubes with various diameters (0.8 –1.7 nm) and a small admixture of 

amorphous material (Figure 2). The microscopic images of C60 and C70 fullerenes depicts the 

presence of characteristic spherical molecules with diameters of 0.7 nm and 0.78 nm, 

respectively. The spherical particles of fullerenes are regularly arranged by agglomeration in 

such a way that the image gives the impression of a crystalline material of large dimensions 

with long-range order (Figure 2). The agglomeration of the hollow spheres of the C60 and C70 

molecules is typical for powdered fullerenes [39]. The image of Y-carbon exhibits a well-

ordered structure with the external crystal morphology of the zeolite template and lattice fringes 

indicating replication of the channel system of the zeolite in the carbon material [3].  

The microscopy image of activated carbon in Figure 2 depicts a material without any 

regular organization typical of an amorphous matrix of activated carbon [40]. TEM images of 

the 3DOMM and CMK-3 carbon materials demonstrate a three-dimensionally ordered 

mesoporous structure with the characteristic presence of the regular spherical pores (diameters 

14 -15 nm) and ordered hexagonal grid of carbon rods (diameters of 9 and 20 nm) for 3DOMM 

and CMK-3, respectively.  

 

3.1.2. XRD Analysis 

The degree of stacking of graphene layers and their distance in layered carbon materials, 

3D organization of the graphene monolayer in regular 3D nanostructured carbon materials, and 

disorder in amorphous carbon materials were analysed using X-ray powder diffraction. The 

XRD patterns of graphite, GNPs 2LG, and graphene as typical materials representing well-

ordered carbon materials with different numbers of planar graphene layers are shown in Figure 

3a. The graphite, 2LG and GNPs patterns show typical graphite lines at 2θ = 23.9°, 26.5°, 

42.4°, 44.5°, 54.5°, and 86.8° (PDF file 00-041-1487) characteristic of the layered materials. 

Graphite exhibits a much larger intensity of diffraction at 26.5 °, corresponding to the layer-to-

layer structure of graphite [22, 23, 41] and indicating a larger content of atomic planes with 

uniform spacing in graphite, compared to GNPs and 2LG. Graphene exhibits the absence of 

the diffraction line at 26.5°, characteristic of the uniform graphene layering, and the presence 

of broad signals at around at 25° and 43°, implying that the graphene sheets can be randomly 

distributed in a corrugated structure. The XRD patterns of the oxidised carbon materials are 

depicted in Figure 3b. The XRD pattern of Ox-GNPs is characterised by the line at 26.5°, 

corresponding to the uniform layering of graphene with the same distance between graphene 

layers as in graphite, and indicating that the layers are not intercalated with oxygen atoms, but 
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oxygen-containing functional groups may be bound to the edges of the material [23]. The same 

spacing of the carbon layers of 0.32 nm for graphite, GNPs and Ox-GNPs is consistent with 

the microscopic measurement. The GtO XRD pattern is characterised by a typical line (002) 

shifted downward to 11.2° indicating a much larger distance between the graphene layers 

compared to graphite, as a result of oxygen groups intercalated in the space between the layers 

and bound to the planar surface of the graphite between the layers [22, 23, 42]. The broad band 

of Ox-2LG and Ox-SWNTs, centred at approximately 23°, is characteristic of amorphous 

carbon [14, 41]. The additional band of Ox-SWNTs at 15° [4] corresponds to randomly 

oriented nanotubes of low crystal order. Figure 3c depicts the XRD patterns of carbon 

allotropes formed by a 3D organized graphene monolayer. The Y-carbon diffractogram 

comprises a sharp peak at 6.3°, showing that the framework ordering of the FAU was replicated 

by carbon atoms during the synthesis. This peak corresponds to the (111) planes of the FAU 

structure retained in the Y-carbon replica [21]. Crystalline fullerene C60 has typical intense and 

sharp diffraction responses at 10.9° (111), 17.7° (220), 20.8° (311), 21.8° (222), 27.5° (331), 

28.2° (420), 30.9° (422) and 32.9° (511) (PDF file 00-044-0558). The three major peaks 

correspond to the reflections of planes (111), (220), and (311). Fullerene C70 does not exhibit 

such sharp peaks because of mixing of two structures (fcc and hcp: 9.7° (100), 10.5° (002), 

11.0° (101), 14.3° (102), 16.8° (110), 18.5° (103), 19.4° (200), 19.8° (112), 20.11° (201), 21.1° 

(004) and 27.1° (114)) [17, 43], which confirms the lack of symmetry and therefore orientation 

disorder [44]. The diffraction lines in Figure 3d confirm the amorphous character of the 

samples of activated carbons and the 3D organized mesoporous carbons by two broad bands at 

2θ = 26.6° and 44.5° that are present in both the AC1 and AC2, and 3DOMM and CMK-3 

samples [22, 23, 41]. Asymmetric reflections at 26.5° and 44.5° indicate traces of a turbostratic 

carbon phase created by the partially parallel oriented carbon layers [45] in the 3D structured 

3DOMM and CMK-3. The 3D spatial organization of the mesoporous structure characteristic 

of 3DOMM and CMK-3 was confirmed using the small-angle X-ray scattering (SAXS) method 

in our previous studies [32, 34]. 

 

3.1.3. Sorption of nitrogen 

The nitrogen adsorption-desorption isotherms at 77 K for the series of carbon materials 

are shown in Figure 4 and obtained values of the surface area and the pore volumes are listed 

in Table 1. The layered carbon materials (GNPs and graphite) in Figure 4a exhibit Type II 

isotherms because of unrestricted adsorption on the nonporous materials. For graphene, 

adsorption at low pressures in the micropores and at higher pressures on the graphene surface 
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and in the mesopores corresponds to the random folding of crumpled graphene sheets causing 

the formation of the apparent porosity of the material. The specific surface increases with a 

decrease in the number of stacked graphene layers. However, it should be considered that 

layered graphene materials are easily agglomerated as a result of van der Waals cohesive forces 

[46]. Agglomeration and partial stacking and corrugation of layered graphene materials block 

a significant part of the surface of graphene sheets in powdered samples [47]. For this reason, 

in the sorption measurements, nitrogen molecules are adsorbed only on the surface sites 

available for this molecule and not on the entire surface of the material. The obtained values of 

the surface area thus only provide information about the surface of the material available under 

the given measuring conditions for nitrogen molecules, but do not reflect the total surface of 

layered carbon materials.  

The N2 adsorption on Ox-SWNTs is a composite of Types I and IV isotherms (Figure 

4b). The adsorption at low pressures is associated with filling of the tubular micropores in 

nanotubes and is consistent with HR-TEM analysis indicating a diameter of the nanotubes of 

about 0.8 – 1.7 nm (Figure 2). Adsorption at higher pressures can be associated with mesopores 

formed by the nanotubes agglomeration. The adsorption isotherms of GtO and Ox-GNPs 

showed a small volume of adsorbed nitrogen characteristic of the featureless surface structure. 

Similar to graphene, the obtained values of the surface area do not reflect the total surface of 

the layered carbon material but only provide information about the surface of the material that 

is available for nitrogen molecules. 

The 3D organized and especially regularly 3D organized materials shown in Figure 4c 

enable the adsorption of nitrogen molecules on the vast majority of the surface and the obtained 

results serve as a reliable estimate of the surface area. The surface area of 2639 m2 g−1 for 

zeolite-templated Y-carbon formed by 3D graphene curved along the surfaces of the zeolite 

pore walls corresponds well to the theoretical surface area for graphene of ∼2630 m2 g−1 [47]. 

The value obtained for a pore volume of 1.56 cm3 g-1 corresponds to the theoretical pore volume 

of 1.45 cm3 g-1 calculated for the replicated channel structure of the faujasite zeolite in the 

carbon material [48]. Fullerene is an exception to the suitability of surface characterization 

using nitrogen adsorption among regular 3D materials. The TEM images showed that the 

spaces between the spherical fullerene C60 molecules with a diameter of ∼0.7 nm are too small 

to allow access for nitrogen molecules. Nitrogen sorption thus has only a limited indicative 

value about the surface area and is not reliably applicable to determining the external surface 

area of the powdered fullerenes.  
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The adsorption-desorption isotherms of nitrogen for amorphous and 3D organized 

amorphous carbon materials are shown in Figure 4d. The isotherms of 3DOMM and CMK-3 

correspond to a type IV associated with capillary condensation in the mesopores. The 3DOMM 

sorption isotherms at higher relative pressure exhibit a hysteresis loop corresponding to type 

H1 characteristic of uniform cylindrical pores with a mean mesopore diameter of ∼14 - 15 nm, 

in agreement with the TEM analysis (Figure 2). The hysteresis loop for the CMK-3 

corresponded to type H2, indicative of cylindrical pores in more complex structures with 

potential partial restrictions, with a mean mesopore diameter of 3.4 nm. The adsorption 

isotherms below P/P0 = 0.1 also indicate micropore filling, corresponding to the presence of 

micropores (Table 1). The sorption data obtained for organized 3D micro-mesoporous 

materials are characteristic of the structure of 3DOMM and CMK-3 materials [32, 34]. The 

adsorption-desorption isotherms of nitrogen for both AC samples are quite typical for 

amorphous carbons with broad pore size distribution. The isotherms indicate adsorption in 

well-developed micropores with a broader pore size distribution and, to a lesser extent, 

adsorption in mesopores with a total surface area of 1032 and 895 m2 g-1 for AC1 and AC2, 

respectively. 

 

3.1.4. XPS Analysis 

Analysis of the XPS spectra of the C 1s lines was used to estimate the amount and type 

of oxygen-containing functional groups present in the series of oxidized carbon materials 

(Figure 5). The C 1s line with the highest intensity at 284.6 eV, present in the spectra of all the 

samples, corresponds to carbon atoms without an oxygen ligand. The bands of weaker intensity 

shifted towards higher binding energies and observed at about 285.8, 286.9, 288.7 and 290.1 

eV were assigned to carbon atoms with hydroxyl/phenolic groups (C-OH), C-O-C, ketonic 

groups (C=O), and carboxyl groups (COOH), respectively [49-53] (see Supplementary 

Information, Table S1). However, the shift in binding energies between the C-OH and C-O-C 

functional groups is relatively small and assignment based on the binding energy alone is 

difficult [49, 51]. The assignment was thus confirmed on the basis of analysis of the XPS 

spectrum of GtO whose structure is characterized by the dominant presence of C-O-C groups. 

Because the XPS spectrum of GtO (Figure 5b) is characterised by a very intense band at 286.7 

eV the band can thus be reliably attributed to C-O-C groups. The abundances of C-O, C-O-C, 

C=O and O-C=O functional groups and O/C atomic ratio on the surfaces of the samples are 

listed in Table 2. The concentrations of the oxygen groups indicate a significant degree of 

oxidation for the Ox-2LG, Ox-GNPs and Ox-SWNTs materials with a predominant 



12 

 

concentration of hydroxyl groups. The XPS spectrum of GtO confirmed the presence of a large 

number of oxygen-containing groups intercalated in the space between the graphene layers, in 

agreement with XRD analysis. Photoelectron spectra were also measured for non-oxidized 

carbon materials (Figure S5); however, the concentrations of oxygen-containing groups were 

too small (bellow 3%) for their quantitative analysis. The analysis thus confirmed the low level 

of oxidation of the surface of non-oxidized carbon materials. 

 

3.2 Structure of the Carbon Materials 

Structural analysis using a combination of microscopic, diffraction, sorption, and 

spectroscopic techniques indicated the following structural features of the carbon materials: 

Graphene: The graphene sample is characterised by single atomic carbon layers with wavy and 

crumpled sheets with lateral size from 0.5 to 5 μm with an admixture of a small amount of 2-5 

layered graphene material and a low concentration of oxygen groups on the surface. Double-

layer graphene: 2LG is formed from two to three graphene layers with a small occurrence of 

multiple layers and a lateral size of crumpled sheets up to 1 µm. Graphene nanoplatelets: GNPs 

are submicrometer platelets formed from stacked graphene layers with an average of 5 to 20 

atomic layers and a low concentration of oxygen groups on the surface. Graphite: The graphite 

sample has the form of fine non-porous particles with particle size of < 50 µm and low 

external surface area. The sample is characterised by a typical graphite structure with horizontal 

sheets crystallized in the hexagonal system with high regularity and long-range order and 

lacking oxygen functional groups. Oxidised double-layer graphene: The Ox-2LG sample is 

characterized by one to several layers of graphene and larger crumpled sheets with populated 

oxide groups on the surface that contain hydroxyl, ketonic, and carboxyl groups. Oxidised 

graphene nanoplatelets: Ox-GNPs consist of exfoliated graphene nanoplatelets with a typical 

number of 5-20 layers and highly oxidised edges with a predominant population of hydroxyl 

groups. Graphite oxide: GtO is oxidised powder graphite with the graphite crystal lattice 

intercalated with oxygen functional groups. The basal planes show a similar arrangement 

regularity to that of graphite, but the lateral distances between the carbon sheets are expanded 

from 0.32 to 0.77 nm (the basal XRD peak shifted from 26.5 to 11.3°) by immersion of the 

oxygen atoms. Oxidised single-walled nanotubes: Ox-SWNTs are single-walled nanotubes 

with typical diameters from 0.8 to 1.7 nm with a small admixture of amorphous material. The 

surface of the nanotubes is characterized by the presence of oxygen-containing functional 

groups with a predominance of hydroxyl groups. Fullerenes: C60 and C70 fullerene samples are 

well-developed non-defective and agglomerated spherical molecules whose walls are formed 
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from shared pentagonal and hexagonal carbon rings. Fullerene molecules are agglomerated 

into large units with a regular and tight arrangement. Zeolite-templated carbon: Y-carbon is 

composed of sp2-hybridized carbon atoms in the deformed graphene layers with shared 

pentagonal and hexagonal carbon rings with a spatial arrangement that resembles the structure 

of an inverse replica of the channel system of the faujasite zeolite used as a hard template for 

material synthesis. The surface area is similar to the theoretical surface area for graphene. The 

deformed graphene layers contain defects in the form of vacancies. Activated carbons: AC 

samples are micro-mesoporous carbon materials with a well-developed porous structure and a 

surface of 1032 and 895 m2 g-1 for AC1 and AC2, respectively. The structure of the activated 

carbons is composed of graphitic plates with amorphous character and traces of the turbostratic 

carbon phase created by the partially parallel-oriented carbon layers. 3D organised micro-

mesoporous carbon: 3DOMM is micro-mesoporous amorphous carbon with a 3D ordered 

spherical mesoporous structure with regular periodicity and interconnection and a large pore 

volume. The structure was created by faithful replication of the inverse porous structure of the 

packed monodisperse nanospheres of SiO2 as a hard template. The regular scaffold that forms 

the walls of the mesopores is built from microporous amorphous and turbostratic carbon. CMK-

3: The carbon material CMK-3, prepared by infiltration of a carbon precursor into the SBA-15 

silica, used as a hard template, is characterised by an ordered structure that retains the inverse 

meso-structural order of the SBA-15 silica template. The CMK-3 material is composed of a 

two-dimensional hexagonal array of carbon rods ~9 and ~20 nm in diameter with interstitial 

mesopores with mean inner diameter of ~3.4 nm. The carbon rods are formed by amorphous 

carbon and turbostratic carbon with non-restricted micropores with a pore diameter modus of 

1.30 nm. 

 

3.3 Analysis of the Stability of Carbon Materials Using DSC and TG Analysis 

It should be noted that the study analysed commonly available carbon materials, which 

naturally have a certain content of defects and impurities. Thus, the stability cannot be linked 

exclusively to the theoretical structure of nanostructured carbon materials. The results of 

thermal analysis show the stability of carbon materials of common and characteristic samples 

typical for the given types of materials illustrated in Figure 1. 

 

3.3.1 Stability of Carbon-layered Materials 

Figure 6a shows the TG/DTG and DSC profiles for materials that differ in the number 

of layers, from a single layer in graphene to several layers in 2LG, 5-20 layers in GNPs, and a 
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large number of well-organized graphene layers in graphite. DSC profiles for all layered carbon 

materials are characterized by asymmetric peaks with maxima at 570, 671, 782 and 894 °C for 

graphene, 2LG, GNPs and graphite, respectively, summarized in Table 1. The onset and end 

of all DSC profiles are identical to the beginning and end of the TG curves. It is necessary to 

note that the analysis of non-defective graphene on the substrate is not possible using the 

employed thermal analytical methods [30, 54] and therefore we used commercially available 

graphene in sufficient amounts in the form of freestanding sheets, which contains some defects. 

However, the onset and end of graphene oxidation deduced from the DSC signal at 

temperatures of 529 and 575 °C are consistent with the results of a spectroscopic analysis of 

monolayer graphene oxidation on a support published by Nan et al. [27], which showed that 

graphene becomes unstable at temperatures from 520 - 560 °C and oxidation is completed at a 

temperature of 580 °C. A narrower and sharper peak in the DSC profile for graphene compared 

to multilayer materials shows that graphene was oxidized in a significantly narrower 

temperature interval. Nan et al. showed by spectroscopic analysis [27] that carbon atoms in 

graphene first react with oxygen to form sp3 defects, carbon bond deformation, and vacancy-

like defects. The formation of defects in the graphene layer, which is accessible to oxygen from 

both sides, leads to its very rapid complete oxidation, observed in the DSC profile as a sharp 

narrow signal. Compared to graphene, the TG/DTG and DSC profiles exhibit an increase in 

the temperature of the onset of oxidation by 28, 42 and 267 °C, and an increase in the maximum 

of the DSC profiles by 101, 212 and 324 °C for 2LG, GNPs and graphite, respectively (Figures 

6a and 7, Table 1). The very different temperatures for the oxidation of the layered carbon 

materials indicate how important the stacking of graphene layers is for the stability of carbon 

materials in the oxidizing environment. Schröder et al. [55] showed that etching a graphene 

layer with molecular oxygen starts at the edges and vacancies that are accessible to oxygen 

only on the outer surface of layered carbon materials. Their concentration decreases 

significantly with increasing numbers of layers. Moreover, Nan et al. [27] suggested that the 

interaction between graphene layers due to van der Waals forces increases the energy barrier 

of the upper graphene layer and it is therefore not easily oxidized. The van der Walls forces 

between two carbon atoms are small compared to the strength of the chemical carbon – carbon 

bond; however, due to the large number of neighbouring carbon atoms in the layered system, 

dispersion forces can play a significant role in the stabilization. This was evidenced by 

spectroscopic studies, which showed that defects do not appear on the graphite surface up to 

relatively high temperatures [27]. The increasing stability of layered carbon materials with an 

increasing number of graphene layers is thus a result of the interplay of stabilization of the 
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carbon layers through van der Waals forces and by the fact that the stacking of graphene layers 

fundamentally reduces the specific surface available for oxygen and at the same time reduces 

the number of edges and defective groups, which are primarily associated with the surface of 

the material. 

Large differences in the stability of planar carbon materials differing in the number of 

layers lead to the question of whether the number of layers is also important in imparting 

thermal stability of the tubular structures. The TG/DTG-DSC curves obtained for double-

walled (DWNTs) and multi-walled carbon nanotubes (MWNTs) showed an increase in 

characteristic Ton from XXX to XXX °C and Tmax from XXX to XXX °C for DWNTs compared 

to MWNTs (Figure S6). However, it must be emphasized that the stability of the carbon 

nanotubes can be also affected by the traces of the metal catalyst used for their synthesis [13, 

29], the amount of oxygen groups formed during the purification of the prepared carbon 

nanotubes from the catalyst, and the amount of amorphous material that is always present in a 

certain amount in carbon nanotube materials [56]. 

 

3.3.2 Stability of Oxidized Carbon Materials  

Figure 6b shows the DSC and TG curves obtained for carbon materials containing 

significant amounts of oxygen-containing functional groups (Ox-2LG, Ox-SWNTs, Ox-GNPs, 

and GtO). It is obvious that the presence of oxygen groups in carbon materials fundamentally 

changes their stability in the air. The DSC and TG curves showed decrease in characteristic Ton 

from 557 to 508 °C and a decrease in Tmax from 671 to 613 °C for 2LG compared to Ox-2LG 

(Table 1 and Figure 7). The energy barrier for oxidation of the graphene surface containing 

oxygen functional groups is lower than that of the carbon graphene layer, and the presence of 

oxygen-containing groups fundamentally reduces the thermal stability. Although the presence 

of oxygen groups on the surface of two-layered graphene reduces its stability by about 50 °C, 

the presence of oxygen in GtO causes much greater changes in the thermal stability of graphite. 

During the oxidation of GtO, the first exothermic peak in DSC already appears at 169 °C and 

TG shows a decrease in weight at the corresponding temperature. It is known that GtO is 

already unstable when heated at temperatures of about 150 °C and its thermal decomposition 

yields large volumes of gaseous products, is exothermic, and, in a large amount, can lead to a 

thermal runaway reaction [35, 36]. The formation and reaction of the oxygen-containing groups 

that are present are primarily responsible for the low temperature energetic behaviour [36]. The 

initiation of a self-propagating thermal deoxygenating reaction of GtO was also described 

during heating in a nitrogen atmosphere without the presence of oxygen [24, 36]. A second 
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exothermic peak in the DSC profile of GtO appears at Tmax 536 °C and corresponds to the 

oxidation of the remaining carbon material. 

The temperatures of the Ox-SWNTs oxidation onset (Ton 453 °C) and maximum (Tmax 

543 °C) are even lower than those of Ox-2LG. The necessity of chemical purification of 

nanotubes after synthesis to remove the metal catalyst used for their synthesis leads to a large 

number of defects and oxygen-containing groups on their surface. The nanotube preparation 

methods do not yield pure nanotube products; a certain amount of amorphous carbon and 

typically multishell sp2 carbon covering metal catalyst residues is always present in small 

amounts [13, 29]. In addition to the enrolled cylindrical graphitic sheets forming the nanotubes, 

HR-TEM and XRD analysis of our nanotube sample detected the presence of poorly defined 

carbon impurities. Thus, the oxidation of the nanotube sample observed by the TG/DTG and 

DSC methods cannot be exclusively correlated only with the reactivity of the enrolled 

cylindrical graphitic sheets but can also be affected by the catalytic properties of the transition 

metal catalyst residues, with the potential to activate molecular oxygen. Furthermore, the 

oxidation of the amorphous carbon present in the nanotube sample, which has been shown to 

be oxidized in activated carbon at about Ton 530 °C, can also affect the stability of the of carbon 

nanotube sample [56]. The thermal stability of the nanotubes is thus given by the interplay of 

the stability of the single-layer graphite layer itself and the presence of both oxygen related 

functional groups and transition metal impurities. Complex multistep methods to purify carbon 

nanotubes lead to a reduction in impurity content to the level of percentage units [29], which, 

however, may still be a sufficient amount for their catalytic function. The residual mass of the 

nanotubes after the TG measurement indicates the presence of the remaining amount of metal 

nanoparticles used in the synthesis of the nanotubes. The thermal analyses results accurately 

show the thermal stability of the particular sample of oxidised carbon nanotubes; however, they 

do not provide general information on the stability of the oxidised single-layer carbon 

cylindrical sheets forming the nanotubes. Effective purification of nanotubes without excessive 

defect formation can increase their thermal stability [57]; in contrast, the presence of defects 

arising from the synthesis conditions significantly reduces their thermal stability [15].  

Comparison of the characteristic temperatures Ton 410 °C and 571 °C for Ox-GNPs and 

GNPs, respectively, further confirms the great influence of the presence of oxygen functional 

groups on the thermal stability. Ox-GNPs are characterized by the presence of hydroxyl groups 

on the edges of the nanosheets. The much lower values of Tmax and Ton for Ox-GNPs compared 

to GNPs further show that the presence of oxidized edges significantly reduces the overall 

stability of the material and the initiation of oxidation at the oxidized edges leads to the overall 
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oxidation of the material at much lower temperatures compared to the non-oxidized carbon 

material. 

 

3.3.3 Stability of Carbon Allotropes Formed by a 3D Organized Graphene Monolayer 

Figure 6c compares the TG/DTG and DSC profiles for materials predominantly formed 

by a 3D organized single graphene layer (fullerene C60, fullerene C70 and Y-carbon). The 

TG/DTG analysis shows that C60 fullerene starts to lose weight at 497 °C and the process is 

complete at 683 °C (Table 1 and Figure 7). This is in excellent agreement with the results of 

Milliken et al. [16], who found the beginning of weight loss at ~480 °C and the end at ~650 

°C. In contrast, Pang et al. observed a maximum temperature of 420 °C for fullerene C60 

oxidation [11]. Sublimation of fullerene under similar measurement conditions occurs at 

temperatures above 700 °C [20] and therefore does not contribute to the weight loss observed 

during the TG analysis; thus the observed loss is associated with the oxidation of the material. 

Although fullerene, because of its spherical molecular structure, does not contain edges and its 

structure is virtually defect-free, its thermal stability is not greater compared to graphene 

(Figure 6a) and Y-carbon and many other carbon nanomaterials (see below). The hybridized 

carbon atoms of sp2 in the fullerene carbon layer are not within the energy minimum found in 

planar graphene and the angular strain present in the spherical molecule could affect the 

stability [58]. Interestingly, the TG profile of fullerene, alone among other material studied, 

exhibits a slight increase in weight of about 2 w.% during oxidation in the 200-430 °C 

temperature range before rapid weight loss at higher temperatures. This indicates the 

accumulation of oxygen groups on the fullerene surface during oxidation at low temperatures. 

Gallagher and Zhong [19] suggested that the formation of a relatively stable fullerene epoxide 

(C60-O) [18] may be responsible for the increase in weight. Ismail and Rodgers [20] have shown 

that C60 can chemisorb up to 1.5 oxygen atoms/C60 molecule during heating in the air. 

Subsequent rapid oxidation at higher temperatures is consistent with the low stability of higher 

fullerene oxides and ozonides [59]. A small amount of oxygen bound to the C60 molecule is 

associated with the development of small heat that is not detectable by DSC. Similar behaviour 

can also be observed for fullerene C70, where again a small increase in weight is evident in the 

interval 200-420 °C, but slightly lower temperatures Ton 485 °C and Tmax 601 °C were observed. 

The lower stability can be caused by the orientational disordered structure of the C70 fullerene 

due to the presence of two different structures [44]. 

Y-carbon began to lose weight at 496 °C with complete weight loss at 707 °C. The Y-

carbon is built systematically from a single carbon layer 3D organized along the curved 
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surfaces of the zeolite pore walls with the same number of imperfections. The structure is 

assembled of single, non-stacked graphene layers curved as buckybowls that resemble a cross-

linked fullerene-like structure. Although Y-carbon is characterised by an imperfect structure 

with populated graphene edges, its stability is similar to that of fullerene without the edges of 

graphene sheets. The channel structure of the Y zeolite, which determines the spatial 

arrangement of the carbon replica, is composed of wide supercages and narrower 12-membered 

ring connections. This can lead to the formation of a graphene layer with sharper or less bent 

regions, leading to different stresses in a structure with different stability. The stability can then 

be influenced by the defectiveness of the material, and parts of the material with more or less 

populated edges can be oxidized more easily. This corresponds to the observation of two 

maxima during the oxidation of Y-carbon in the TG and DSC profiles with maxima at 

approximately 587 °C and 668 °C (Figure 6c). Kim et al. [48] recently explained the presence 

of two regions of oxidation by the presence of a more or less defective structure in zeolite-

templated carbon materials prepared by different processes that yield more or less defective 

structures. 

 

3.3.4 Stability of Amorphous Carbon and 3D Organized Mesoporous Carbons 

Figure 6d shows a comparison of TG/DTG and DSC profiles for amorphous carbon 

materials (AC1 and AC2) and a 3D organized mesoporous carbon materials (CMK-3 and 

3DOMM). TG/DTG and DSC profiles show that all the materials oxidize at very similar 

temperatures, regardless of whether the amorphous structure of the material is regularly 3D 

organized into a mesoporous structure. The maximum temperature of activated carbon 

oxidation reported at approximately 530 °C [60, 61] is very similar to the Ton 537 °C and 527 

°C values observed for AC1 and AC2, respectively (Table 1 and Figure 7). The values of Ton 

∼530 °C and Tmax ∼620 °C for the amorphous forms of carbon materials are in the range of 

temperatures required for the oxidation of graphene and 2LG (Table 1). Theoretical studies 

[62] showed that dissociative chemisorption of molecular oxygen is thermodynamically 

favourable even on the bare carbon surface; however, the reaction rate of oxidation of the 

defective carbon structure was observed to be higher and controls the overall stability [26]. The 

amorphous structure of activated carbon and 3D mesoporous carbon materials, which consist 

of an amorphous form of carbon, are characterized by the presence of various defects and 

edges. The presence of populated edges is also characteristic of graphene and 2LG. Since the 

oxidation of carbon materials starts preferentially at the edges, the thermal stabilities of 
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graphene, 2LG, activated carbon and 3D mesoporous carbon materials in the air are 

comparable. 

 

3.3.5 Analysis of Stability of Multiple Brands of the Same Carbon Material  

The properties of commercially available carbon nanomaterials often differ depending on the 

method of their preparation. Nanoscopic properties may differ even if the same processing 

protocol is followed in different batches. To confirm that the stability of carbon materials is 

mainly controlled by the characteristic structural features of the given material we analysed the 

stability of samples of GNPs and activated carbon materials from different producers. GNPs 

and activated carbon represent materials whose textural properties can vary greatly depending 

on the method of preparation [63, 64]. The TG/DTG-DSC curves obtained for GNPs and 

activated carbon materials manufactured by different producers are compared in figure S7. The 

close Ton values of 537, 527 and XXX °C for the three activated carbon samples AC1, AC2 

and AC3, respectively, indicate that the stability of the activated carbon is not significantly 

affected by its origin. Close values of Ton 571 and XXX °C were also found for GNPs materials 

from different manufacturers. We also analysed the temperature stability of zeolite templated 

carbons from different batches (Figure S8). The course of the TG and DSC curves and the 

determined values of Ton, Tmax and Toff were practically the same for both samples within the 

measurement error. 

 

3.4 Relationships between Structure and Stability of Carbon Materials 

3.4.1 The Effect of Stacking of Graphene Layers on the Stability of Carbon-layered Materials 

The onset (Ton) and maximum (Tmax) oxidation temperatures for the studied carbon 

materials observed in a wide range of temperatures from 169 to 796 °C and from 197 to 894 

°C, respectively, show that the structure of carbon materials greatly affects their stability in the 

air (Table 1 and Figure 7). The increase in the number of layers from one to two resulted in an 

increase in Tmax by 100 °C, for 5-20 layers by 210 °C and for a large number of graphite layers 

by 320 °C (Figure 7). Obviously, the most important parameter increasing the stability among 

all the studied carbon materials is the stacking of individual graphene layers. The increase in 

stability is associated with an interplay of parameters including van der Waals forces between 

graphene layers, stabilizing the outer graphene layer [27], reduction of the outer surface 

available for oxygen, and reduction of the number of defects on the surface. For single-layer 

graphene, oxidation takes place very quickly in a narrow temperature interval of 45 °C; the 

oxidation process extends to higher temperatures with increasing numbers of layers, where the 
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interval is as wide as 270 °C for multilayer structures. The oxidation rate of carbon materials 

is influenced by their specific surface area available for oxygen [65] and for multi-layered 

carbon materials can be influenced by the oxidation kinetics [66].  

 

3.4.2 Effect of 3D organization of graphene monolayer and structure disorder on stability 

Cylindrical fullerenes C60 and C70 composed of a single layer carbon sheet of linked, 

regularly arranged hexagonal and pentagonal rings forming a non-defective structure, exhibited 

the onset of oxidation at a temperature slightly lower than that for graphene. Although fullerene 

contains no edges and its structure is defect-free, its thermal stability is reduced by the angular 

strains present in the spherical molecule, which has a significantly higher energy compared to 

planar graphene [58]. Although all the other carbon materials lose weight during oxidation due 

to the formation of gaseous oxidation products, the unique structure of fullerene enables an 

extraordinarily selective reaction with gaseous molecular oxygen. The electrophilic addition of 

oxygen atoms to 6,6-double bonds reduces the angle deformation in the fullerene molecule by 

changing sp2-hybridized carbons into sp3-hybridized ones in the formed fullerene epoxides 

[58]. The bond angles decrease from ∼ 120° in the hybridized sp2 orbitals to ∼ 110° in the sp3 

orbitals [58]. The resulting intermediate is then oxidized at temperatures similar to those for Y-

carbon. The similarity in the structures of fullerenes and Y-carbon, which is built systematically 

from single carbon layers 3D organised and curved like buckybowls resembling a linked 

fullerene-like structure with the same degree of imperfections, results in a similar stability in 

the air. 

The group of materials with defective structures, such as activated carbon or 

mesoporous 3D organized materials, which are characterized by an amorphous structure 

without regular organization of the graphene layers with edges and possible vacancies, are all 

oxidized in the temperature range, Ton 496 - 537 °C and Tmax 618 - 668 °C, which are similar 

to nanomaterials consisting mainly of one graphene layer Ton 485 - 529 °C and Tmax 570 - 621 

°C for fullerenes, graphene and Y-carbon (Table 1 and Figure 7).  

It follows that carbon nanomaterials that are formed by a regularly organized monolayer 

of graphene stressed by bending (Fullerenes) or contain structural defects (Y-carbon) exhibit 

similar thermal stabilities in the air to porous amorphous carbon materials (activated carbon) 

and 3D organized mesoporous carbon materials. 
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3.4.3 Reduced Stability of Oxidized Carbon Materials 

A significant decrease in the stability is associated with the presence of oxygen 

functional groups on the surface of carbon materials, both those formed by a single or few 

graphene layers (Ox-SWNTs, Ox-2LG) and those formed by stacked graphene layers (Ox-

GNPs, GtO). The presence of functional oxygen groups in GtO is associated with a dramatic 

decrease in stability. Epoxy groups have been associated in the literature [36] with the oxidation 

of GtO below 200 °C, which is consistent with the observation of a Ton of 169 °C for the studied 

GtO. A significant decrease in stability is also associated with the presence of hydroxyl groups 

on the surfaces of carbon materials [67]. The Ton values of 410 °C and 568 °C for Ox-GNPs 

and GNPs, respectively, show that stability under the given measurement conditions is reduced 

by partial oxidation of the surface by 150 °C (Table 1 and Figure 7).  

Conclusions 

Analysis of the thermal stability of carbon nanomaterials including planar structures with 

different numbers of graphene layers (graphene, 2LG, GNPs and graphite), oxidized carbon 

materials (Ox-2LG, Ox-SWNTs, Ox-GNPs and GtO), 3D carbon materials with a single 

graphene layer (fullerenes C60 and C70 and Y-carbon) and amorphous and 3D organized 

mesoporous carbon materials (3DOMM and CMK-3) yielded the following parameters that 

determine the stability of carbon materials: 

i) The decisive factor in increasing the stability of carbon materials is the stacking of 

graphene layers parallel to each other with a long-range order. The stacking of graphene 

layers fundamentally reduces the specific surface available for oxygen, reduces the 

number of edges and defective groups associated with the surface, and the interaction 

between graphene layers enhances the energy barrier for oxidation of the upper graphene 

layer. The temperature (Tmax) required for oxidation increased from 570 °C for graphene 

to 782 °C for nanoscale graphite particles formed of stacked 15 to 20 atomic layers, up 

to 894 °C for graphite with long-range crystalline order. 

ii) The most significant factor for reducing the stability of carbon materials is the presence 

of specific oxygen-containing functional groups on oxidized carbon materials, lowering 

the energy barrier for the oxidation of the carbon layer. The functional oxygen groups in 

graphite oxide resulted in rapid oxidation of the carbon material at a temperature as low 

as 169 °C. The stability is also significantly reduced by the presence of hydroxyl groups 

on the surface of oxidized carbon materials. The highly oxidized edges with the 

prevailing population of hydroxyl groups enabled the oxidation of the graphene 
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nanoplatelets at a temperature of more than 150 °C lower compared to the material 

without a significantly increased concentration of oxygen functional groups. 

iii) The stability is obviously also affected by the presence of edges and defects; however, 

analysis has shown that non-defective monolayers in fullerenes, defective monolayers in 

zeolite-templated carbon, disordered amorphous carbon materials, as well as 3D-

organised mesoporous carbon materials exhibit comparable stability and were oxidized 

within a relatively narrow temperature window with values of Ton between 485 and 537 

°C. 

The stability of carbon materials is thus mainly controlled by the interplay of the stacking of 

graphene layers and the concentration and nature of defects in the form of mainly oxygen-

containing functional groups. The stability of the analysed carbon materials increased in the 

following order: GtO < Ox-2LG ∼ Ox-SWNTs ∼ Ox-GNPs < graphene ∼ fullerene C60 ∼ 

fullerene C70 ∼ Y-carbon ∼ activated carbon ∼ 3DOMM ∼ CMK-3 < GNPs < graphite.  
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 Illustration of the structure of studied carbon materials. 
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 Representative high-resolution transmission electron microscopy images of 

studied carbon materials.  
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 X-ray diffractograms of a) planar carbon materials with different number of 

graphene layers, b) oxidized carbon materials, c) 3D carbon materials with a single graphene 

layer, and d) amorphous 3D organised mesoporous and activated carbon materials.  
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 N2 adsorption/desorption at 77 K for a) planar carbon materials with different 

number of graphene layers, b) oxidized layered carbon materials, c) 3D carbon materials with 

a single graphene layer, and d) amorphous 3D organised mesoporous and activated carbon 

materials. *-multiplied by 0.3 for better resolution of the remaining curves. 
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 Analysis of the XPS spectra of the C 1s line for the oxidized carbon materials. 

a) Ox-2LG, b) GtO, c) Ox-GNPs, and d) Ox-SWNTs.  
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single layer of graphene, and d) and amorphous 3D organised mesoporous carbon 

and activated carbon materials in air. 

 

 

 Thermal stability of nanostructured carbon materials in air. The onset (Ton), 

maximum (Tmax) and offset (Toff) temperatures are indicated (e.g. 169-218/197 °C for GtO 

means Ton 169 °C, Toff 218 °C and Tmax 197 °C). 

 

Table 1. Textural characteristics and DSC analysis of the thermal stability of carbon materials 

in air with the characteristic onset (Ton), maximum (Tmax) and the offset (Toff) temperatures determined 

from the DSC signals.  

Planar multi-layered carbon

Ox-SWNTs

453-579/543 °C

GtO

169-218/197 °C

Ox-2LG

508-639/613 °C

100 200 300 400 500 600 700 800 900

2LG

557-720/671 °C

Graphite

796-930/894 °C

Ox-GNPs

410-707/636 °C

GNPs

571-834/623 °C

Amorphous and 3D mesoporous carbon

Graphene and 3D single-layered carbon

3DOMM

532-666/623 °C

CMK-3

498-643/618 °C

C70

485-634/601 °C

Y-carbon

496-707/587 °C

Graphene

529-575/570 °C

C60

497-683/621 °C

AC1: 537-681/637 °C

AC2: 527-668/624 °C

Oxygen containing carbon

Sample (Abbreviation) Vmicro 

cm3 

g-1 

Vmeso 

cm3 

g-1 

Stot 

m2 

g-1 

Vtot 

cm3 

g-1 

Ton 

°C 

Tmax 

°C 

Toff 

°C 

Planar carbon materials with different number of graphene layers 

Graphene, single layer (G) 0.01 0.08 342 0.09 529±3 570±1 575±1 

Graphene, 2-3 layers (2LG)  - - - - 557±1 671±2 720±1 
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a Analysed by N2 adsorption at 77 K and BdB t-plot method 

b Vmeso = Vtotal – Vmicro 

c Not determined due to the agglomeration of fullerene particles 

 

 

 

 

Graphene nanoplatelets, 15-

20 layers (GNPs) 

0.01 - 26 - 571±2 782±5 834±2 

Graphite - - 8 - 796±5 894±4 930±3 

Oxidized layered carbon materials 

Oxidized 2-3 layered 

graphene (Ox-2LG) 

0 <0.01 18 <0.01 508±2 613±4 639±3 

Graphite oxide (GtO) 0 0.01 40 0.01 169±1 

460±5 

197±1 

536±4 

218±1 

553±1 

Oxidized graphene 

nanoplatelets (Ox-GNPs)  

0.01 0.30 277 0.31 410±1 636±8 707±1 

Oxidized single-walled 

nanotubes (Ox-SWNTs) 

    453±3 543±3 579±2 

3D carbon materials with a single graphene layer 

Fullerene C60 (C60) n.d.c n.d. c n.d. c n.d. c 497±4 621±3 683±3 

Fullerene C70 (C70) 0.06 0.07 412 0.13 485±1 601±1 634±1 

Y-zeolite-templated carbon 

(Y-carbon) 

0.73 

 

0.83 

 

 

2639 

 

1.56 

 

496±5 587±1 

668±2 

707±2 

Amorphous and 3D organized mesoporous carbon materials 

Activated carbon (AC1)  0.21 0.21 1032 0.42 537±1 637±2 681±1 

Activated carbon (AC2)  0.37 0.20 895 0.57 527±1 624±1 668±1 

3-dimensional ordered macro-

mesoporous carbon 

(3DOMM) 

0.17 3.42 1343 3.59 532±3 623±1 666±1 

Ordered mesoporous carbon 

nanomaterial (CMK-3) 

0.03 0.37 624 0.40 498±1 618±1 643±1 
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Table 2. Distribution of functional groups of C-OH, C-O-C, C=O, and O-C=O (at. %) in the oxidized 

carbon samples. 
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Sample (Abbreviation) C-OH 

at. % 

C-O-C 

at. % 

C=O 

at. % 

O-C=O 

at. % 

Oxidized 2-3 layered graphene (Ox-2LG) 9.7 4.7 4.1 2.2 

Graphite oxide (GtO) 0.0 34.0 9.7 0.0 

Oxidized graphene nanoplatelets (Ox-GNPs)  6.9 1.3 3.0 0.0 

Oxidized single-walled nanotubes (Ox-SWNTs) 7.4 2.5 4.6 2.7 
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Table 3.  Determination of Ton, Tmax and Toff from the DSC curve. 
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Table 4. Reproducibility of TG-DSC measurements. 
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Table 5. Analysis of the number of layers in a) GNPs and b) Ox-GNPs and illustrative HRTEM images of 

c) GNPs and d) Ox-GNPs displaying the stacking of layers. 
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Table 6.  Characteristic HRTEM images of a) Graphene, b) Oxidized double-layer graphene (Ox-2LG), c) 

Graphene nanoplatelets GNPs and d) Ox-GNPs at the same magnification. 
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Table 7. Results of XPS spectra fitting into C and O chemical groups for a) planar carbon materials with 

different number of graphene layers, b) 3D carbon materials with a single graphene layer and c) 

amorphous and 3D organized mesoporous carbon materials. 

 

Table S1. Assignment of oxygen containing functional groups of the samples by the values 

of Eb (eV) of (C 1s)x photoelectron lines as estimated by curve fitting of C 1s 

photoelectron spectra. 

x GtO Ox-2LG Ox-GNPs Ox-SWNTs mean a Referenceb assignment 

1 284.7 284.6 284.6 284.4 284.6 (0.13) 284.7 (0.24) C-C 

2 - 286.1 285.8 285.5 285.8 (0.30) 286.3 (0.40) C-O 

3 286.7 287.4 286.8 286.8 286.9 (0.32) 287.6 (0.07) C-O-C 

4 288.8 288.7 288.2 289.1 288.7 (0.37) 287.9 (0.14) C=O 

5 - 290.1 289.4 290.9 290.1 (0.75) 288.9 (0.22) O-C=O 

anumbers in brackets: standard deviation 

 bmean Eb values from refs. [1-5] 
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Table 8. TG/DTG-DSC analysis of thermal stability of a) DWNTs and b) MWNTs. 
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Table 9. TG/DTG-DSC analysis of thermal stability of multiple brands of a) GNPs and b) activated 

carbons. 
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Table 10. TG/DSC Y-carbon from two different batch. 

 

 

Table S2. DSC analysis of the thermal stability of carbon materials in air with the 

characteristic onset (Ton), maximum (Tmax) and the offset (Toff) temperatures 

determined from the DSC signals.  

Sample (Abbreviation) Ton 

°C 

Tmax 

°C 

Toff 

°C 

Graphene nanoplatelets 

Graphene nanoplatelets, 15-20 layers (GNPs) 571±2 782±5 834±2 

Graphene nanoplatelets (GNPs1) 638±1 777±1 815±1 

Carbon nanotubes 

Oxidized single-walled nanotubes (Ox-SWNTs) 453±3 543±3 579±2 

Double-walled nanotubes (DWNTs)  498±1 596±1 614±1 
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Multi-walled nanotubes (MWNTs) 569±2 654±5 721±5 

Activated carbon 

Activated carbon 1 (AC1)  537±1 637±2 681±1 

Activated carbon 2 (AC2)  527±1 624±1 668±1 

Activated carbon 3 (AC3)  467±1 582±1 682±2 

Zeolite templated replica 

Y-zeolite-templated carbon (Y-carbon) 496±5 587±1 

668±2 

707±2 

Y-zeolite-templated carbon 1 (Y-carbon1) 515±5 591±1 

673±2 

706±2 
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