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ABSTRACT: The presence of defects in carbon materials, such as electronically unsaturated 

carbon sites, can profoundly affect their magnetic ordering and chemical reactivity. The detailed 

analysis of these species (edge states, σ free radicals or carbene), which are pivotal for many 

applications, remains a significant challenge for carbon bulk materials. Today, the engineering 

of defective carbon material often relies on the use of hardly up-scalable physical methods not 

accessible to synthetic chemists. It is therefore important to develop simple and scalable 

methods to generate well-defined electronically unsaturated sites in carbon materials. Herein, 

we followed the transformation and evolution of surface oxygen functional groups of various 

oxidized carbon materials during thermal treatment under an inert atmosphere using various 

analytical techniques and ab-initio molecular dynamics, with the aim of producing stabilized 

localized electronic states from condensation reactions. Synchrotron-based in situ XPS analyses 

show a decrease of carboxylic surface groups with a concomitant increase of defect sites upon 

defunctionalization, which is expected from condensation reactions. Echo-detected field-swept 

EPR spectra show the apparition of a signal only upon defunctionalization, particularly for 

samples showing a high proportion of prismatic surface. The contribution of these electronically 

unsaturated carbon sites to the catalytic activity for the catalytic oxidative dehydrogenation of 

indoline is moderate, and the surface oxygen functional groups are the main active sites.  
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1. INTRODUCTION 

“Carbon is often described as one of the most long-established, and yet newest material to be 

used in technology”.1 Although dating from 1967, E. Fitzer’s statement is still relevant today, 

highlighting carbon’s chemistry and physics richness. While the intrinsic properties of sp2 

carbon materials, such as electronic conduction or mechanical properties are sought after for 

some applications; for other applications, the presence of structural irregularities (defects) in 

the carbon network is necessary. Properties such as magnetic ordering, charge transport, light 

emission or chemical reactivity, which can be intercorrelated, are indeed dependent on the 

charge state and electronic excitation of localized sites, which are related to the presence of 

carbon pz vacancies or edges in the network of defective carbon materials (DCM). Thus, the 

magnetic2 and chemical reactivity3 properties of carbon materials have been demonstrated to 

closely correlate to the presence of such defects; even if their exact nature is still the subject of 

debates. 

Three types of localized electronic states and spins have been identified (Scheme 1). First, edge 

states, which appears as a nonbonding π-electron state originating from C 2pz orbitals at H-

terminated zigzag edge sites.4 The electronic properties of these edge localized states are 

significantly affected by the level of edge hydrogenation.5 The local chemical structure around 

the zigzag-shaped edge is described by the resonance of three degenerated formulas with 

chemically reactive radical characters at the edge sites. These localized states with 

corresponding energy levels at EF are reminiscent of the radical character of the non-Kekulé 

type Clar structures in alternant polycyclic aromatic hydrocarbons.6,7 On soot precursors, the 

localization of π-electrons on non-hexagonal aromatic rings was found to allow for a triplet 

diradical ground state.8 Second,  free radicals at carbon dangling bonds in closed spaces that 

ensure their survival from exposure to air. Third, carbene and aryne-type sites on non-

hydrogenated edges or large vacancies.9 Since the studies on the subject extend from physics 

to physical-chemistry up to organic chemistry, it is difficult to get a unified vision on the 

subject.10 It seems to us that the molecular vision of the problem, introduced by L. Radovic in 

a land-mark paper, is very relevant and constitutes a good entry point.11 On hydrogen-free 

armchair edges, aryne-like sites should exist, with the singlet ground state being most common. 

Such sites have been experimentally evidenced.12 On hydrogen-free zig-zag edges, these sites 

are carbene-like and the more stable sites are in the triplet state. Density functional theory (DFT) 

studies of the spin coupling around a carbon single vacancy (SV) in graphene have shown that 

the triplet state is slightly more stable (4.6 kcal·mol-1) than the singlet state.13 As for edges, the 

ground state’s stability depends on their type: zigzag-triplet or armchair-singlet.11 Only the 
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structures having a triplet ground state contribute to the material’s magnetic susceptibility14 and 

chemical reactivity.15 These sites are expected to have a short lifetime due to their high chemical 

reactivity towards oxygen, water or H2.
16,17 However, the stability of carbon vacancies increases 

with their size, since the formation of pentagons eliminates the carbene sites, and that of the 

zigzag-triplet-edge sites with the size of the graphene sheet, as a result of resonance 

stabilization. Furthermore, it has been proposed that some of these sites at the zigzag edge or in 

basal plane vacancies could survive oxygen, water or H2 exposure, stabilized with respect to 

conventional free radicals by virtue of π-electron localization and consequent formation of π-σ 

pairs.10 In addition, DFT calculations have suggested that the introduction of surface oxygen 

functional groups (OFGs) near large vacancy sites, plays an important role in stabilizing 

unpaired spins.18 It was also proposed that isolated paramagnetic centers can also exist as 

unfunctionalized carbon atoms in the basal planes present in highly functionalized regions rich 

in OFGs.19 Finally, in graphite oxide the majority of paramagnetic centers were proposed to be 

oxygen-centered radicals; the structure of which consisting in hydroxyl or carboxyl groups in 

the vicinity of oxygen-centered radicals of phenol and semiquinone types.20 Consequently, on 

the real large vacancies or edge planes of DCM, there must be hydrogen atoms (edge states), 

OFGs and possibly some stabilized triplet carbene sites if they survive air/H2 exposure.  

 

 

Scheme 1. Proposed types of localized electronic states and spins in large vacancies or edge planes of 

carbon materials. 

 

Most of the work related to DCM engineering rely on the use of hardly up-scalable physical 

methods not accessible to synthetic chemists, such as electron or ion irradiation.21 Alternatively, 

mechanochemistry (milling/grinding processes) is a commonly used method to shattering 

crystals or introducing defects in carbon materials.22 However, contamination from milling 

vials and grinding balls is one of the major problems of this approach, which can lead to errors 

in the interpretation of reactivity or magnetism results due to the presence of impurities, which 
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may be metallic.23 A more attractive method consists in the thermally- or microwave-assisted 

decomposition of oxygen or nitrogen surface functional groups, which can generate significant 

amount of topological defects and vacancies in the carbon lattice. Thus, it has been proposed 

that annealing under an inert atmosphere removes oxygen in the form of CO2 at relatively low 

temperatures (< 600 °C) and CO predominantly at high temperatures (500-1100 °C), leaving 

unsaturated carbon atoms.24-28 The activated surface, containing carbon sites with high chemical 

reactivity and short lifetime, is capable of activating H2, readsorbing oxygen or strongly 

adsorbing water at room-temperature.24,27-29 Some proposed reactions for the transformation 

and evolution of OFGs during thermal treatment under an inert atmosphere are shown on 

Scheme 2 (here carboxylic and phenol groups). Simulations by ab-initio molecular dynamics 

(AIMD) have shown that the reaction between a -COOH and a vicinal -OH group (Scheme 2a) 

is thermodynamically favorable.30  

 

 

Scheme 2. Proposed pathway for transformation and evolution of OFGs during thermal treatment under 

inert atmosphere possibly leading to stabilized localized electronic states. Adapted from ref. 25. 

 

As far as carboxylic group decomposition is concerned, it is worth mentioning that, in the field 

of polymer chemistry, decarboxylation-induced cross-linking reactions have been 

proposed,31,32 which involved two vicinal carboxylic groups as in Scheme 2b. During this 

decarboxylation process, radical-induced cross-linking occurs via an anhydride intermediate. 

First, two -COOH groups in adjacent moieties form the anhydride during heating under inert 

gas flow. Then, the anhydride is decarboxylated by release of a CO2 and a CO, thereby creating 

two phenyl free radicals that combine to form linkages yielding biphenyl cross-linking.31 Free-

radical chemistry was also evoked to rationalize the decomposition of biphenyl carboxylic 
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acids.33 It is also worth mentioning that CO2 but also CO were detected during benzoic acid 

thermal decomposition that occur by both molecular and radical processes. In that case, phenyl 

radicals are present leading to the formation of biphenyls.34 Similarly, the most probable 

mechanism of terephthalic acid thermal decomposition involves the reactions of the radical 

intermediates that are formed at high temperatures via a free radical mechanism.35 As far as 

phenolic group decomposition is concerned (Scheme 2c), the cyclic dehydration of vicinal diols 

to ether or epoxy (dehydrative epoxidation) is a well-known reaction of industrial interest that 

can be catalyzed.36 In addition, it has been shown that the thermal degradation of oxymethylene 

ethers37 or some epoxy resins38 results in the formation of carbene and radical sites, 

respectively. Such gas-phase thermochemical method have already been used for the organic 

functionalization of various carbon materials39-42 and for supported metal single atom 

stabilization.43,44 Consequently, the engineering and study of DCM is of great scientific and 

technological importance for various fields such as information storage,45 quantum 

information,46 nanoelectronics,47 photonics/plasmonics,48,49 interstellar50 and tropospheric 

chemistry51, as well as catalysis.52,53  

In this work, the effect of a heat treatment under an inert atmosphere at 400 °C, a temperature 

at which carboxylic groups are decomposed, on the structural, textural, chemical and magnetic 

properties of four graphitic carbon materials is described. A particular attention has been 

devoted to the evolution of the surface chemistry/reactivity and magnetic properties, which 

have been probed by a variety of techniques such as HT-temperature programmed desorption 

(TPD), X-Ray photoelectron spectrometry (XPS), molecular dynamics simulations (MDs), 

vibrating sample magnetometry (VSM), electron paramagnetic resonance (EPR), and catalytic 

activity tests. 

 

2. MATERIALS AND METHODS 

2.1. Oxidation and thermal defunctionalization of graphitic carbons. The materials were 

functionalized by a treatment with HNO3 (HNO3 69% Suprapur, Sigma Aldrich) under reflux 

at 140 °C for 3 h. The mixture was then filtered and washed with distilled water until neutral 

pH was obtained. The finals products were then dried at 80 °C overnight. The carbon materials 

were then activated in a horizontal tubular oven under Ar (210 mL min-1) at 400 °C for 1 hour 

and kept under argon in a glove box for analysis. The activation was done prior each catalysis 

with oxidized materials to avoid any transformation or evolution of the catalysts with time. 

2.2. Instrumentation. Raman spectra were obtained on a micro-Raman setup (Una LabRam 

HR800 Jobin Yvon spectrometer). A laser of 532 nm wavelength was used as excitation source 
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with a maximum power of 7 mW. For in situ Raman measurements under heating, the solids 

were placed in a Linkam CCR-1000 cell which was heated in a flow of 20 mL min-1 Ar for 3 

consecutive steps at 200, 400 and 600 °C (heating: 10°C min-1, ca. 40 min at each temperature). 

Raman spectra were acquired with a Horiba Labram HR Evolution equipped with a laser at 532 

nm, a 600 lines mm-1 grating and a 50x SLWD objective. 

X-ray powder diffraction patterns were obtained at room temperature with a MiniFLex600 

diffractometer, employing Cu Kα radiation (λ = 1.54187 Å). Measurements were recorded from 

2 = 10-90 ° at a scanning speed of 2 ° min-1. 

The ATG measurement were obtained on a METTLER TOLEDO TGA 2 apparatus. The 

materials were heated at 110 °C for 20 minutes (10 °C min-1) then at 1000 °C for 15 minutes 

(10 °C min-1) under air (5 mL min-1). 

TEM analyses were performed by using a JEOL JEM 1400 electron microscope operating at 

120 kV. The high-resolution analyses were conducted by using a JEOL JEM 2100f microscope 

equipped with a field emission gun (FEG) operating at 200 kV with a point resolution of 2.3 

Angstrom and a JEOL JEM-ARM200F Cold FEG operating at 200 kV with a point resolution 

of > 1.9 Å. 

HT-TPD analysis was performed up to 1800 °C at a heating rate of 10 °C min-1 using an 

advanced TPD system.54,55 CO, CO2, H2O, and H2 are released during heating by the thermal 

decomposition of OFGs and H-terminated edge sites. 

X-ray photoemission spectra were measured in three different apparatuses, employing dual, 

monochromatic, and synchrotron radiation X-ray sources (Table S1). This was done to ensure 

the reproducibility of the measurements and the consistency of the applied peak fitting 

procedure. The first spectrometer is equipped with a RESOLVE 120 MCD5 hemispherical 

electron analyzer and an achromatic Mg Kα hν = 1486.6 eV dual anode X-ray source.56 The 

second consists of a VSW Class WA hemispherical electron analyzer and a monochromatic Al 

Ka X-ray source (1486.6 eV).57 Finally, experiments were also carried out at the NAP-XPS end 

station of Sorbonne Université attached to the TEMPO beamline of the SOLEIL Synchrotron 

radiation facility.58 For all instruments the electron take-off angle to the surface was of 90°. 

Below follows a table comparing the measurement conditions employed in each apparatus. 

Both survey scans and high-resolution spectra were collected for all carbon materials before 

and after the calcination treatments. The spectra were fitted after Shirley background 

subtraction, using CasaXPS v2.3.25 software.59 The photoelectron binding energy (BE) are 

referred to the Fermi-level of the analyzer, and reported as measured without any correction. A 

Shirley background subtraction The C 1s spectra were fitted by Doniach-Sunjic functions, while 
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symmetric Gaussian-Laurentian profiles were used for the O 1s peaks. The amount of surface 

oxygen was determined from the relative areas of the C 1s and O 1s peaks, considering the 

dependence of the photoemission cross-sections to the X-ray radiation energy.60 The samples 

were taken out of oven after the heat treatment and exposed to air prior to the introduction into 

the X-ray photoelectron spectroscopy (XPS) apparatus. 

Nitrogen adsorption measurements were performed at -196 °C using a 3Flex Surface 

Characterization Analyzer (Micromeritics GmbH). Before analysis, the samples were degassed 

at 150 °C using a Micromeritics VacPrep 061 Sample Degas System until a static pressure of 

less than 0.01 Torr (0.0133 mbar) was reached. 

Magnetic measurements were performed using a Quantum Design Physical Property 

Measurement System (PPMS) in the Vibrating Sample Magnetometer (VSM) configuration. 

The samples were prepared by compacting few mg of the named materials powder into a 

nonmagnetic elongated capsule in ambient atmosphere. 5 T magnetization cycles were recorded 

at 300 K and 5 K after a 5 T field cooling. Magnetic susceptibility was recorded applying 5 T 

between 5 K and 300 K after field cooling. The data were fitted by the Curie-Weiss law: 𝜒 =

 𝜒0 + 𝐶 (𝑇 − 𝜃)⁄  where 𝜒0, 𝐶, 𝑇, and 𝜃 are a temperature-independent term, the Curie 

constant, the temperature and the Curie-Weiss temperature, respectively.61 𝑁𝑠𝑝𝑖𝑛 was then 

determined using the deduced value for 𝐶, according to the following equation: 𝐶 =

(𝑁𝑠𝑝𝑖𝑛𝑔2𝜇𝐵
2𝑆(𝑆 + 1)) 3𝑘𝐵⁄ , where 𝑔, 𝜇𝐵, 𝑆, and 𝑘𝐵 are the g-factor, the Bohr magneton, the 

total spin quantum number assumed to be ½ (free spins), and the Boltzmann constant 

respectively. 

EPR spectra were recorded on a EMX plus spectrometer (Bruker Biospin GmbH) equipped 

with a high sensitivity resonator (4119-HSW, Bruker). A small amount (few mg) of samples 

was introduced in EPR tubes (CFQ OD 4 mm, Wilmad-LabGlass) sealed under helium 

atmosphere. The microwave power was 1.2 mW and the modulation amplitude was 0.3 mT. 

Spin quantification was done by comparing the double integral of the EPR spectra to the double 

integral of a freshly homemade standard consisting of mixture of DPPH in KCl. Pulsed EPR 

spectra were recorded on an Elexsys E580 spectrometer (Bruker Biospin GmbH) equipped with 

a 4118-MD5X resonator and a CF935 continuous flow cryostat controlled by a Mercury ITC 

(Oxford Instrument). The pulses were amplified using a 1 kW travelling wave tube amplifier. 

The shot repetition time was set at at least 5 times T1 and the number of shot per point was 

adjusted according to the signal to noise ratio. The duration of the impulsions were 16 ns and 

32 ns for π/2 and π pulses respectively. Hahn echo sequence (π/2 – τ – π – τ – echo) was used 
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to record the echo detected field sweep (EDFS) and T2. For T2 measurements, the delay τ started 

at 290 ns and was incremented by steps of 8 or 12 ns. Picket fence saturation recovery sequence 

(π – t – )n π/2 – τ – π – τ – echo was used to measure T1 with n equal to 28, t equal to 100 ns 

and τ equal to 290 ns. Nutations experiments were recorded by applying a nutation pulse pnut of 

incremented duration followed by a Hahn echo sequence applied after a long decoherence time 

tdec > 5*TM (tnut – tdec – π/2 – τ – π – τ – echo). The length of the π/2 and π pulses were adapted 

to get the maximum intensity of the echo at each power. TM and T1 curves were fitted using a 

homemade Matlab (MathWorks) routine. TM curves were fitted using a stretched mono-

exponential of the following form:  

𝑀𝑧(𝑡) = 𝑀0𝑒−(𝑡/𝑇2)𝛽
  (1) 

Were M0 is the amplitude and β is the stretch factor. 

T1 curves were fitted with stretched mono-exponential of the form:  

𝑀𝑧(𝑡) = 𝑀0(1 − 𝑒−(𝑡 𝑇1⁄ )𝛽
)   (2) 

were M0 is the amplitude and β is the stretch factor. 

2.3. Computational details. Periodic DFT simulations were performed using the ab initio 

plane-wave pseudopotential approach, as implemented in the Vienna Ab initio Simulation 

Package (VASP 6.4).62,63 The Perdew-Burke-Ernzerhof exchange-correlation functional64 

within the generalized gradient approximation was chosen, and van der Waals interactions were 

taken into account through the D3 method of Grimme et al. with zero-damping function.65 The 

innermost electrons were replaced by a projector-augmented wave (PAW) approach,66,67 while 

the valence monoelectronic states were expanded in a plane-wave basis set with a cutoff energy 

of 500 eV. As previously computationally modeled and described,68 the model carbon material 

consists of an oxygen-functionalized graphene including experimentally probed abundant 

OFGs and point defects. A Γ-centered 1×1×1 k-point grid generated using the Monkhorst–Pack 

method69 was employed (a sufficiently large supercell is used), and iterative relaxation of 

atomic positions proceeded until the change in total energy was less than 10−6 eV. Spurious 

interactions between the modeled slab and its perpendicular periodic images were eliminated 

by introducing a vacuum region by at least 10 Å and by applying a dipole correction to the total 

energy along the z-direction.70 

The thermal stability of the graphitic material was studied by performing first-principle 

Born−Oppenheimer AIMD simulations. Following a temperature range from 0 K to 1800 K 

(temperatures at which the carbons were experimentally heat-treated), the simulation system 

was propagated without any symmetry constraints for 9, 18, 36, and 90 ps, corresponding to 
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heating rates of 200, 100, 50, and 20 K ps-1, respectively. The Verlet algorithm was used to 

solve the Newton equations of motion and the time step was set to 0.5 fs. The temperatures 

fluctuating around the equilibrium values were balanced using the Nosé thermostat.71 

2.4. Catalytic experiments. Oxidation of indoline was performed in a glass balloon of 50 mL 

with a magnetic stirrer. In a typical experiment, the activated material (350 mg) was added in 

the balloon under argon and a mixture containing 20 mL of indoline solution (VWR 

APOSOR6520, 0.3 mmol) in xylene (Sigma Aldrich mixture of isomers) and biphenyl (Merck, 

0.3 mmol, internal standard) was then added. O2 was bubbled for 10 min at 20 mL min-1 then 

the mixture was put under reflux at 100 °C in an oil bath with an O2 flow set at 5 mL min-1. 

Argon flux was stopped when oxygen bubbling began. The stirring was fixed at 700 rpm. The 

reaction was followed for 5 hours taking a sample every hour. Samples of the reaction mixture 

were analyzed by GC. 

 

3. RESULTS AND DISCUSSION 

Four carbon materials, including few-layer graphene (FLG), carbon nanotubes (CNTs), carbon 

nanofibers (CNFs, fishbone type) and a fibrous material (FMs) presenting a disordered surface 

structure have been used. These materials were first submitted to a high temperature 

graphitization treatment at 2800 °C in order to eliminate residual metals and reduce the quantity 

of structural defects. The full characterization of the graphitized samples, including their 

basal/prismatic surface ratio was already reported,72 and will be remembered only when needed. 

Basically, graphitized FLG and CNT possess a higher percentage of basal surface (75%) 

compared to CNF and FM (40%). Subsequently, the graphitized materials were oxidized in 

boiling ultrapure nitric acid (metal impurities at ppt level) to introduce OFGs, and 

defunctionalized at 400 °C under argon to introduce electronically unsaturated carbon sites.  

3.1. Oxidized carbon materials. As traces of metallic impurities can be detrimental for the 

accuracy of several analyses such as HT-TPD, VSM and EPR, their presence on the oxidized 

samples was checked by ToF-SIMS analyses. The Figure S1a shows the evolution of iron and 

cobalt content (catalyst residue) in the case of CNTs for the pristine (CNTP), graphitized 

(CNTG) and graphitized and oxidized (CNTO) samples. From these analyses, it can be 

concluded that the investigated materials are free of metallic impurities arising from the 

AlFeCoO4 catalyst. The main impurity introduced during the HNO3 treatment was sodium 

(Figure S1b). ToF-SIMS analyses were also used to evaluate the subsurface C/O ratio for the 

four oxidized materials taken into account the main fragments containing CH and CO 

functionalities. As can be seen in Figure S1c, the C/O ratio follows the order FLGO > CNTO > 



11 

 

CNFO > FMO, pointing to the introduction of a higher content of OFGs for carbon materials 

presenting high level of prismatic surface (the prismatic surface in these materials follows the 

order FLGP < CNTP < CNFP < FMP).72  

High- and low-resolution TEM micrographs of the four oxidized materials are shown on Figure 

1 and Figure S2, respectively. The FLG presents several graphene layers consistent with its low 

surface area (SBET = 28 m2 g-1, Table 1), as well as many surface defects resulting from the 

oxidation. Such oxidative debris, which are frequently observed in graphene oxide73 and are 

composed of sp2 aromatic domains with OFGs located mainly on the edges, are visible in Figure 

S3. These debris, whose size can reach several nm,2 74 adhere to the graphene flake surfaces via 

non-covalent interactions and are present even in samples purified by standard methods. The 

CNTO (SBET = 144 m2 g-1) have an external diameter of around 15 nm and present graphene 

layers parallel to the tube axis, as well as few internal arches (bamboo-like structure). Few 

oxidation debris resulting from the HNO3 treatment are visible on their surface. The CNFO 

(SBET = 103 m2 g-1) with a bamboo-like structure present a bimodal diameter distribution (large 

CNFs of ~150 nm and smaller ones of ~30 nm, Figure S2), and their graphene layers show an 

angle of 10-30 ° relative to the fiber axis. The FMO (SBET = 64 m2 g-1) contains fibers of various 

diameters (20-200 nm) with a non-hollow structure. Most edges of CNFO and FMO are open 

and few closed loops are visible (Figure S4). Oxidation debris are also observable on these two 

samples, although in lower quantities compared to CNTO and particularly FLGO. 

 

 

Figure 1. HRTEM micrographs of the four oxidized carbon materials. Scale bar = 10 nm. 
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Results of Raman and XRD characterization are given in Table 1. Raman spectra are shown in 

Figure S5 and the main parameters in Table S2. A commonly calculated Raman parameter to 

probe structural disorder in carbon materials is the ratio between the integrated intensities of 

the D band (ID) at ~1380 cm-1 (defects of the graphitic structure), and G band (IG) at ~1580 cm-

1 (graphitic ordered structure). The FLGO shows the lower ID/IG ratio (low structural disorder), 

while FMO shows the higher ratio, CNFO and CNTO presenting intermediate values. Compared 

to the samples heat-treated at 2800 °C, Raman spectroscopy reveals that the D band intensity is 

strongly affected for FMO sample while for the others, the change in the ratio of intensities is 

on average an increase of 0.05. For the FMO sample, the intensity ratio increases by 0.5 while 

the FWHM of the G band remains nearly the same (Figure S6). According to Cançado et al.,75 

this ID/IG increase is due to punctual point defects on the surface with an average distance of LD 

= 12 nm between them. The interlayer distance (d002) and the crystallite size value, Lc (stack 

height of crystallite) and La (width of crystallite), were determined by XRD (Table 1). The 

diffractograms are shown on Figure S7 and the main parameters in Table S3. All materials 

present a d002 close to 0.340 nm, slightly higher than that of perfect graphite (0.335 nm), the 

lower d002 being for FLGO. FLGO also shows the larger values for Lc and La. The comparison 

of XRD pattern of the oxidized samples to heat-treated ones shows no significant changes. 

Classical X-ray analysis was used to address the effect of stacking faults in X-ray 

diffractograms.76 FLGO is composed of Bernal stacked large graphene layers as well as CNFO. 

Due to their specific structure CNTO have a turbostratic stacking. A stacking with AB pairs is 

present for FMO. On average, the crystallite size Lc and La are slightly reduced. Taken together, 

the values of d002, Lc and La point to a higher crystallinity for FLGO, which is consistent with 

the Raman data. 

The reactivity of these materials towards air oxidation was probed by TGA (Table 1). The onset 

decomposition temperature (Tonset) of FLGO is significantly higher than the ones of the other 

materials. This should be related to the extent of basal surface in FLGO, which is known to be 

the less reactive one (vide infra). For the three other materials, the onset decomposition 

temperatures are comparable. Interestingly, the T50 (temperature at which 50 % weight loss is 

reached) of CNFO and FMO are significantly higher than the one of CNTO. Such behavior has 

already been observed when comparing the oxidation behavior of CNTs and CNFs,77 and has 

been attributed to different intrinsic burning properties. Oxidation should be able to proceed 

very rapidly along the whole sheet of CNTs, in contrast to the fishbone-oriented graphene sheets 

of CNFs.
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Table 1. Textural, structural and surface properties of the four oxidized carbon materials. 

Supports 

Textural properties HT-TPD Raman XRD TGA XPS 

SBET  

(m2 g-1) 

Vp 

(cm3 g-1) 

Snon-basal 

(m2 g-1) 

Sprismatic 

(m2 g-1) 
ID/IG 

d002 

(Å) 

Lc002 

(Å) 

La10/100 

(Å) 

Tonset 

(°C) 

T50 

(°C) 

C 

(%) 

O 

(%) 

FLGO 28 0.112 23.2 12.5 0.08 3.37 233 122 701 798 95.9 4.1 

CNTO 144 0.515 80.5 25.2 0.26 3.45 53 88 551 659 95.3 4.7 

CNFO 103 0.321 112.6 57.9 0.29 3.38 115 142 516 738 93.2 6.8 

FMO 64 0.216 76.2 35.5 0.63 3.39 111 144 569 849 92.2 7.8 
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XPS analyses were performed to probe the surface chemistry of the oxidized carbon materials. 

Initially, the purity of the materials was verified by the survey scans (Figure S8), which 

demonstrated that no foreign elements are detected on the surface, with the exception of the 

FLGO sample, which contains traces of SiOx impurities (< 1 at. %). The C 1s spectra (Figure 

S9) were fitted using 9 components in total, 4 for graphitic/amorphous carbon species, 3 for 

oxygenated carbon species and 2 for plasmon loss peaks, as assigned in Table S4. Despite the 

overlap of different carbon species in the C 1s spectra, achieving consistent fitting is possible 

due to established curve-fitting protocols documented in the literature.78-80 Based on the fitting 

results, all materials exhibit a mix of various graphitic/amorphous and oxygenated carbon 

species, with varying fraction. Specifically, as outlined in Table 2, the FMO and CNFO samples 

show a relatively higher presence of prismatic (layer borders81) and oxygenated carbon sites 

compared to the CNTO and FLGO samples, at the expense of graphitic sp2 carbon. Conversely, 

the distribution of defect sites appears consistent across all samples. These defective carbon 

atoms, characterized by lower BE values than graphitic carbon atoms, could stem from intrinsic 

defects such as vacancies or Stone-Wales defects,82-84 and/or an increasing number of pentagons 

within the carbon network.85,86 

 

Table 2. Atomic content of the various carbon species resulting from fitting of the C 1s spectra. 

Sample 
Carbon species (± 2 %) 

Basal (%) Prismatic (%) Defects (%) OFGs (%) 

FLGO 75 12 5 8 

CNTO 71 14 5 10 

CNFO 69 16 4 11 

FMO 68 15 5 12 

 

Apart from the C 1s peak fitting, the surface oxygen content can be estimated based on the C 

1s and O 1s peak intensities. As shown in Table 1, the quantitative analysis confirms the results 

of the C 1s fitting, showing that CNFO and FMO samples have a higher oxygen content. The 

surface oxygen content follows the order FLGO < CNTO < CNFO < FMO, in accordance with 

ToF-SIMS analyses. It is noteworthy that the amount of oxygen calculated from the O 1s and 

C 1s intensities (i.e., peak areas, Table 1) is consistently lower than that found by C 1s peak 

deconvolution (Table S4). This difference can be attributed to the assumption made in 

quantitative calculations, which presupposes a homogeneous distribution of oxygen within the 

carbon matrix. However, as will be demonstrated later, oxygen is predominantly situated at the 

surface, thus relying on O 1s and C 1s peak intensities for quantitative calculations leads to an 

underestimation of the oxygen content. 
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Curve fitting of the O 1s peaks helped to identify three main O 1s components (minimum 

number of peaks) associated to carbon as well as the O 1s component due to SiOx in the FLGO 

(Figure 2 and Table S5). The components associated to carbon correspond to C=O groups (peak 

I, 531.4±0.1 eV, including quinone, carbonyl, lactone, and C=O of carboxylic groups), C–OH 

and/or C–O–C groups (peak II, 533.1±0.1 eV, involving ether and hydroxyl groups bonded to 

aromatics/aliphatics), and C–OH of carboxylic groups or adsorbed water (peak III, 535.0±0.1 

eV).87-91 No significant variations are observed in the C=O/C–O peak area ratio. 

 

 
Figure 2. High resolution XPS O 1s spectra of the four graphitic carbons.  

 

The depth distribution of the different carbon species for CNTO and FMO samples was 

addressed through the analysis of C 1s spectra acquired using 4 different photon energies. The 

use of both laboratory and synchrotron photon sources with incident photons varying between 

465 and 1486.6 eV enables non-destructive depth profiling from the outermost surface to the 

subsurface layers. Estimating the analysis depth as 3 times the inelastic mean free path, the 

aforementioned measurements correspond to analysis depths between 2.6 and 9.2 nm, 

respectively.60 The depth-dependent C 1s spectra of the FMO sample (Figure S10a) reveal an 

enhancement of the signal attributed to defects, prismatic, and oxygenated sites in comparison 

to sp2 carbon of the basal planes, as the analysis depth decreases. This is clearly demonstrated 

in Figure S10b, which illustrates the atomic concentration of carbon species as a function of 

analysis depth. Similar depth distributions were observed for the CNTO sample (Figure S10c). 

Overall, the depth-dependent XPS measurements provide solid evidence that defects, prismatic 

sites and OFGs are predominantly located at the surface, atop the graphitic carbon, irrespective 

of the sample's carbon structure.  
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The C KLL Auger peaks are highly sensitive to the relative proportion of sp2 and sp3 - 

hybridized carbon sites in the material. Specifically, the energy difference between the 

minimum and maximum points of the first derivative of the C KLL spectra, commonly known 

as the D-parameter, increases from 14 for sp3 - hybridized carbons (e.g., diamond) to 23 for sp2 

hybridized (e.g., HOPG).91 In Figure S11, two characteristic examples of C KLL peaks from 

CNTO and FMO are shown before and after derivatization. The calculated D-parameters for all 

samples are presented in Figure S11c. From this graph, it can be inferred that the D-parameter, 

and consequently the relative concentration of sp2 carbon sites, is similar in the FLGO and FMO 

samples, but relatively less compared to CNFO and CNTO. The high sp3 carbon sites content 

measured for FLGO might be related to the presence of numerous oxidation debris on this 

material. 

HT-TPD was also used to probe the surface chemistry and quantify the non-basal and edge 

surface, since this method allows a quantitative evaluation of edges through measurement of 

evolved gases.55 Before TPD, the samples were outgassed at 120 °C under high vacuum. TPD 

profiles and quantifications obtained for all the samples are shown in Figure 3 and Table S6, 

respectively. CO, CO2, H2O and H2 were detected due to the thermal decomposition of OFGs 

and H-terminated edge sites. Considering the extremely small amount of evolved gases detected 

for the heat-treated samples (total gas evolution < 60 μmol g-1),72 we can assume that all the 

OFGs and aliphatic -CH groups have been created upon HNO3 oxidation and/or via secondary 

reactions during the HT-TPD experiment.92 The oxygen contents (at. %) measured by TPD are 

lower than the ones measured by XPS. This should thus be related to the fact that TPD analysis 

probes the bulk sample, whereas XPS is surface-sensitive. Different studies have shown that 

ether-type oxygen groups were present between the graphitic layers of oxidized CNFs77 or 

CNTs.87 It is therefore very likely that part of the oxygen is bound in between the carbon layers 

forming ether links between adjacent layers. The FLGO sample is identified as the material with 

the lower O content by ToF-SIMS, XPS and TPD, whereas for the other materials the order 

obtained by TPD is different than that obtained by ToF-SIMS and XPS (Figure S12). This could 

be an indication of the non-homogeneous distribution of OFGs on the external surface of the 

materials but also in the bulk or porosity. The HT-TPD spectra of the four oxidized carbon 

materials shows different CO2 evolution maxima at ~ 300, 450 and ~ 600 °C, corresponding to 

the desorption of carboxylic acids, carboxylic anhydrides and lactones, respectively. The 

evolution of CO2 at higher temperature might be related to the Boudouard equilibrium.92 

Besides CO2, a significant amount of water is detected between 150 and 600 °C, which can be 

correlated to thermally-induced condensation reactions as the ones depicted on Scheme 1.93 
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These can participate in the formation of radicals or carbenes. Considering the fact that the 

oxidation process was performed in boiling HNO3, it is improbable that carboxylic anhydrides 

can be formed under these conditions. Consequently, we propose that their detection by TPD 

results from their formation by a condensation reaction.  

 

 

Figure 3. Gas evolution patterns from the four oxidized carbon materials during the HT-TPD 

measurement up to 1800 °C.  

 

It is worth mentioning that the profiles of water desorption of CNTO and FMO differ from the 

ones of FLGO and CNFO (Figure S13). For the former, most of the water desorption stops at T 

< 500 °C, while for the latter a significant proportion of water continue to desorb up to 900 °C. 

Considering the condensation reactions presented on Scheme 1, it is probable that the reaction 

which can results in water evolution at high temperature is the one involving the most stable 

phenol groups. Therefore, it is possible that samples FLGO and CNFO contain more vicinal 

diols. We also compared the CO2/H2O ratio for the four materials and found that this ratio is 

lower for FLGO and CNFO (0.5-1.0) than for CNTO and FMO (1.4-2.3). There also, this 

difference might be related to the spatial distribution of OFGs on the materials. The materials 

showing a low ratio should present a significant basal surface, which prefers to have OFGs 

clustered together in a highly ordered fashion.94 CO evolution is detected in a temperature range 

from ~ 300 °C to ~ 1200 °C, with the maximum located at ~ 800 °C. This broad signal 

corresponds to the superposition of the CO evolution associated to the decomposition of 

carboxylic anhydrides, phenolic, carbonyl (ketones, aldehydes, quinones) and ether (chromene) 

surface functional groups.95 The CO emission above 1500 ºC may be derived from the 
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carboreduction of oxide impurities, such as Na2O,96,97 which was the major impurity detected 

by ToF-SIMS. This high temperature CO evolution is particularly noticeable for the CNFO 

sample, which shows the higher sodium content (Figure S1b). Using the total number of edge 

sites (calculated using the total gas evolution), the surface area of the non-basal sites, Snon-basal, 

can be further calculated.98 We also calculated the surface area of the H-terminated prismatic 

sites, Sprismatic, by using only the H2 gas evolution (H-terminated edge sites). The values obtained 

are shown on Table 1. Both XPS and TPD are in reasonable agreement for the evolution of 

prismatic and non-basal surfaces/carbons for the different samples (Figure S14). The FLGO 

samples present the lower prismatic surface and the CNFO the larger one. Finally, if we consider 

the amount of water evolved at temperature ≤ 400 °C as a descriptor of the condensation 

reactions that can results in carbene or radical formation, the following order was obtained: 

CNTO (148 μmol g-1) > CNFO (130 μmol g-1) > FMO (52 μmol g-1) > FLGO (24 μmol g-1). 

All the analyzes carried out on oxidized materials reveal several points of interest for the study 

of their thermal defunctionalization aiming at producing carbene or radical type defects. 

Oxidation makes it possible to eliminate metallic residues from the synthesis catalysts and 

introduces oxidation debris onto the surface of samples presenting a significant proportion of 

basal planes (FLGO and CNTO). Surface oxygenated groups capable of producing condensation 

reactions leading to the formation of carbene or radical type sites were detected by XPS and 

HT-TPD. These groups are mainly present on the surface of the materials but seem to be 

distributed in a non-homogeneous manner. FLGO and CNFO materials, which have a fairly low 

CO2/H2O ratio in HT-TPD, must present zones where these OFGs are clustered. Finally, if we 

consider the amount of water formed from the condensation reactions at T ≤ 400 °C, the 

following order was obtained: CNTO > CNFO > FMO > FLGO. 

3.2. Thermal defunctionalization of the oxidized carbon materials. The thermal 

defunctionalization of the materials was followed by in-situ Raman analyses coupled to mass 

spectrometry, in-situ XPS and ab-initio molecular dynamics. 

For the in-situ Raman analyses, the samples were heat-treated under argon from room 

temperature up to 600 °C. Gas phase analyses by mass spectrometry have confirmed the 

evolution of CO2 and H2O for all the samples in the investigated temperature range 

(200/400/600 °C, Figure S15). The CO2/H2O ratio follows the same trend as for the HT-TPD 

experiments (higher ratio for CNTO and FMO). No significant CO evolution was detected in 

this temperature range. The spectra of the samples under investigation (Figure S16) consist in 

several Raman bands such as D, G, D′, G′ (also called as 2D) and D+D′ bands, which are typical 

of defective graphitic systems. Small temperature-induced frequency shifts were observed in 



19 

 

the 25-600 °C range (Figure S17). No significant variation of the ID/IG ratio was observed for 

FLGO and CNTO over the investigated temperature range (Figure S18), pointing to no 

measurable differences of the disorder in the lattice. In the case of CNFO and FMO, their ID/IG 

ratios tend to converge with increasing temperature with a slight increase for CNFO and a 

decrease for FMO. Detailed analysis of the Raman peak intensities in defective graphene have 

shown that the intensity ratio of the D and D′ peak can be used to get information on the nature 

of defects.99 This ID/ID’ ratio is maximum (∼13) for sp3-defects, it decreases for vacancy-like 

defects (∼7), and it reaches a minimum for boundaries in graphite (∼3.5). In the present study, 

the ID/ID′ ratios of the CNTO, CNFO and FMO samples are found to be about 4-5. Based on this, 

an intermediate value of the ID/ID′ ratio can be reasonably attributed to mixed vacancies and 

boundary type defects. For FLGO, the ID/ID′ ratio is lower (∼3), in accordance with the low 

structural disorder of this material. The evolution of the ID/ID′ ratio over temperature is shown 

on Figure 4. We did not observe a general trend in the evolution of this ratio with temperature. 

A slight decrease in the ID/ID' ratio is observed in the case of FLGO and FMO, while a slight 

increase is noted for CNTO and CNFO. It is therefore difficult to conclude regarding the 

introduction of reactive defects by heat treatment from these Raman analyses. 

 

 

Figure 4. Evolution of the ID/ID′ ratio of the four oxidized carbon materials with temperature. 

 

Synchrotron-based XPS was employed to monitor the surface state of CNTO and FMO samples 

in situ during annealing up to 400 °C under high vacuum conditions. The excitation photon 

energies were selected to record photoelectrons with analysis depths of 2.3 and 4 nm, making 
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synchrotron-based experiments significantly more sensitive to the surface compared to the 

laboratory spectra reported in Figure 2 (analysis depth ~7.8 nm). Figure S19 presents the 

evolution of the oxygen atomic concentration, calculated from the O 1s to C 1s spectra area 

ratio, as a function of annealing temperature under vacuum. The higher oxygen concentration 

in Figure S19 compared to Table 1, is attributed to the higher surface sensitivity of the 

measurements in the former case, indicating that oxygen species are preferentially located at 

the surface of carbon. This is confirmed by the depth dependent measurements shown in Figure 

S20, which did not reveal any evident differences in the peak shape at higher analysis depth, 

apart of a small decrease of the peak at 535 eV attributed to adsorbed water and carboxylic 

groups. The FMO sample initially contains a higher amount of oxygen compared to CNTO, in 

accordance with the results shown in Table 1. The amount of surface oxygen decreases 

gradually with increasing annealing temperature for both samples, with a more pronounced 

decrease observed for FMO. After annealing at 400 °C, both samples contain very similar 

amount of adsorbed oxygen species. The O 1s spectra of the two samples at different annealing 

temperatures are shown in Figure 5.  

 
Figure 5. The O 1s photoelectron spectra of CNTO and FMO samples as a function of annealing 

temperature in vacuum measured with 710 eV photon energy. 

 

The results of peak fitting analysis indicate three oxygen species, consistent with the findings 

from ex situ analyzed samples presented in Figure 2. As shown, annealing in vacuum does not 
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significantly affect the relative fractions of the oxygen species at 531.3 and 533.2 eV, attributed 

to C=O and C–OH and/or C–O–C groups, respectively. For both samples, a slight decrease of 

the contribution of the C–OH and/or C–O–C groups relative to the C=O groups is noticed. In 

contrast, the peak around 535 eV decreases with temperature, disappearing entirely at 400 °C, 

which is consistent with the desorption of water and decomposition of carboxylic groups upon 

annealing at this temperature. The slight decrease of the contribution of the C–OH and/or C–

O–C groups could be explained by the reaction pathways depicted on Scheme 1, which involved 

reactions of vicinal C–OH and COOH groups and decomposition of C–O–C groups.  

We now turn our attention to the C 1s peak, the analysis of which shows the evolution of the 

carbon sites with annealing temperature. As shown in Figure 6, which present the results of 

pick fitting analysis, the concentration of both basal and defect carbon sites increases with 

annealing temperature, at the expense of oxygenated and prismatic species.  

 

 
Figure 6. The evolution of the various carbon sites derived from the fitting of the C 1s spectra recorded 

with 465 eV photon energy. 

 

A decrease of OFGs (mainly carboxylic groups) with a concomitant increase of defect sites is 

what is expected from condensation reactions (Scheme 1). However, it is important to note that 

the changes in the fraction of carbon sites do not necessarily correspond to their mutual 

transformation since the annealing temperature in the in-situ experiment is relatively low. 

Instead, these changes may also arise from an enhanced signal of a carbon sites, due to the high 
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surface sensitivity of synchrotron-XPS. This enhancement occurs following the desorption of 

oxygen species that were previously over these sites. Thus, the results of Figure 6 suggests that 

adsorbed oxygen species (water and carboxylic groups) on basal sites preferentially desorb 

upon annealing compared to oxygen adsorbed on prismatic carbon sites.  

Since thermal defunctionalization can induce an evolution of the type and concentration of 

OFGs on the support, we also rely on molecular dynamics simulations to study the atomistic 

structure of progressively heated material. As a carbon material with a disordered structural 

surface similar to the experimentally used oxidized CNTs or FLGs, a model of O-functionalized 

graphene was considered presenting a high level of basal surface and, consequently, a low level 

of prismatic surface. Specifically, it contains oxygen functionalities such as ethers, 

carbonyls/quinones, lactones and carboxyls, although it does not contain hydroxyl/phenolic 

groups to avoid some of the side reactions shown in Scheme 2 (even if some of them are 

reactions of interest). 

To investigate the correlation between the time evolution propagated by the model system at 

the ab initio level and the experimental one, four molecular dynamics simulations of the carbon 

material are performed at different heating rates for a temperature range from 0 to 1800 K (ca. 

1500 °C to represent the experimental conditions). The MD trajectory at 20 K ps-1 is 

summarized in Figure 7, being propagated for a sufficiently long time period (90 ps) to allow a 

higher energy balance among all degrees of freedom, while the trajectories at 200 (9 ps), 100 

(18 ps), and 50 (36 ps) K ps-1 are given in Figure S21, Figure S22, and Figure S23, respectively. 

MD are presented as potential energy; therefore, kinetic energy is not considered to distinguish 

energy fluctuations derived from possible rearrangements of existing functional groups (since 

MDs have a constant progression of temperature, the kinetic contribution scales monotonically 

and can be omitted from the analysis). As can be seen in Figure 7a, the average energy is 

relatively constant up to approximately 300 °C, from which the system tends to stabilize (energy 

downhill), first slowly up to about 600 °C and remains constant again up to 800 °C. Then it 

rapidly goes up to about 1100 °C to finally becomes relatively constant up to the final 1500 °C. 

These intervals are largely caused by the most significant structural changes produced on the 

graphitic material, which are the breaking of C‒C bonds eliminating carboxylic motifs in the 

form of molecular carbon dioxide, which reorganizes the material recovering aromaticity. The 

atomic structures corresponding to each CO2 release are detailed in Figure 7b. The slower 

stabilization interval is consistent with the single decarboxylation reaction around 500 °C (38 

ps simulation time), while up to four CO2 losses at about 800 °C (54 ps), 950 °C (61 ps), 1050 

°C (66 ps) and 1150 °C (71 ps) are prompted in the faster stabilization interval. However, the 
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chemical decomposition caused by heating to high temperatures in the absence of oxygen 

involves further chemical composition changes.  

 

 

Figure 7. AIMD of the carbon model (a), initial and successive (including final) structure after each 

release of CO2 (b), and evolution of OFG concentration (c) at heating rate of 20 K ps-1. Oxygen, carbon, 

and hydrogen atoms are colored candy apple red, Philippine gray, and white, respectively. 
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The temporal evolution of the concentration for the main OFGs is depicted in Figure 7c. 

Initially, the carbon support functionalities are mostly limited by carbonyl groups and to a lesser 

extent carboxyl groups, together with minor ether and lactone groups. As expected, the carboxyl 

groups are progressively decomposed as the CO2 molecules are formed. As a result, hydrogen 

atoms connected to -COOH units are reincorporated into the material in different ways, among 

which the reduction of C=C double bonds of the carbon network to saturated C‒H and of polar 

carbonyl-type multiple bonds to phenols stand out. It could explain the gradual drop of C=O 

bonds as well as the appearance of C‒OH bonds.30 In addition, a significant increase in lactone 

groups is noted throughout the simulation, derived from the insertion of some carbonyl in ether 

functions above 1000 °C. Minor rearrangements, such as the formation of furan rings (by 

intramolecular cyclization between nearby carbonyls) and two- and three-atom carbon chains 

(induced by ring openings in the presence of carbonyls), are also observed occasionally.100 

Finally, it is interesting to highlight the presence of molecular CO in the final structure, 

promoted by the abstraction of oxygen from CO2 by the highly reactive carbon sites that arise 

during thermal defunctionalization, which further illustrates the dynamic nature of these 

physicochemical processes. The high reducing power of reactive carbon sites could be 

preserved by limiting their interactions in this type of reaction, for example, by removing in 

situ the released gaseous species (essentially H2O and CO2). 

However, for a given simulation temperature, the studied heating rates had a noticeably unequal 

effect on the main oxygen groups functionalizing the carbon material model. The concentration 

of the different OFGs in the initial (at 0 K) and final structures (at 1800 K) of each of the studied 

MD trajectories is given in Figure S24. Compared to the fastest heating rate, carried out at 200 

K ps-1, the O-functionalized graphene is barely decarboxylated, producing very few 

modifications such as the reduction of carbonyl motifs to phenol. But at intermediate heating 

rates, such as at 100 and 50 K ps-1, more evident changes are experienced by the model 

graphene. Almost all of the decarboxylation reaction took place, which pushed the loss of CO2. 

As a consequence, a greater amount of C=O groups is reduced into C–OH ones. Finally, it can 

be seen how the slower heating rate, run at 20 K ps-1, continued to elucidate the progressive 

decrease in carbonyl groups, in addition to the transformations explained previously for this 

last situation, which would support the experimental observations. 

On the other hand, as in the TPD spectra exemplified in Figure 3, each type of O-containing 

surface groups on carbon materials thermally decomposes at different temperatures, depending 

on the thermal stability of the groups. For carboxylic acids, the observed temperature is 

typically between 200 and 500 °C and is well documented in the literature.93,101 These studies 
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usually demonstrate that -COOH groups with varying acidities decompose at distinct 

temperatures, with the strongest acidic group undergoing decomposition at the highest 

temperature. It has been suggested that these differences in acidity may be attributed to the 

presence of carbonyl or ether functional groups in the meta or ortho position, which could 

contribute to lowering the pKa value.101 Notwithstanding this observation, a discussion of the 

chemical environment, in a broader sense, of surface carboxylic acid groups could not be found 

in the literature. However, it is reasonable to hypothesize that the chemical environment can 

have a significant impact on the strength of the C–C bond that is broken to form CO2 and thus 

on the reaction mechanism (i.e., molecular or radical). Thermal decomposition of benzoic acid, 

used to model surface carboxylic acids on coal, is the only in silico mechanistic investigation 

of the decarboxylation reaction.102,103 Direct and stepwise decarboxylation pathways via 

hydrogen migration from -CO2H to ipso-C and ortho-C, respectively, have been identified as 

plausible (Figure S25). In contrast, the unimolecular stepwise radical process appears to be an 

unlikely mechanism, as it would require overcoming a significant energy barrier for homolytic 

cleavage of the CO2–H bond. It should be noted, however, that this model does not account for 

the complex surface chemistry of carbon materials. In particular, the carboxylic acid groups 

present on the basal plane are orthogonal and therefore not conjugated to the  system of the 

carbon material, which differs from the benzoic acid model. Furthermore, the proximity of 

OFGs to carboxylic acids could play a role in the decarboxylation mechanism and thereby 

modify the chemical reaction pathway. 

In the propagated MD simulations, beyond undergoing a decarboxylation reaction upon 

heating, these carboxyl groups showed a relationship between the chronological order and the 

temperature at which they are removed as a function of the heating rate. The temperature 

dependence of the successive release of COOH to form CO2 in the O-functionalized graphene 

model at the studied heating rates is illustrated in Figure 8a. As the heating rate slows, the 

decarboxylation reactions mostly take place earlier, with the first ejection appearing below 500 

°C at 20 K ps-1. Furthermore, from the third in the case of 100 K ps-1 and from the second in 

the case of 50 and 20 K ps-1, the CO2 releases could be considered almost linearly dependent 

on temperature, allowing extrapolation towards the complete removal of carboxylic acids. 

Despite this, it might be necessary to continue lowering the heating rates to, for example, 5 or 

10 K ps-1 to further accelerate the removal of all carboxyl groups and approach the observed 

experimental temperature range. Nevertheless, these results would enhance the fact that the 

slowest heating rates are the ones that best describe, in our case, the experimental evidence. 
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Figure 8. (a) Temperature dependence of the successive release of COOH forming CO2 in the O-

functionalized graphene model at heating rates of 200 (pearl green), 100 (acid green), 50 (marigold) and 

20 (salmon orange) K ps-1, and (b) probability and average temperature of release for each chemically-

independent surface carboxyl group of the system from the propagated MD simulations (corresponding 

structures are below as insets). 

 

Simultaneously, the functionalized graphene model includes, from the structural point of view, 

up to six COOH motives (anchored between five-, six- and seven-membered ring 

rearrangements originating from Stone-Wales defects) with unique coordination environments, 

the rest being arranged by translational symmetry. Although not all of them are ejected as has 

been noted, disregarding the complete decarboxylation of the material at 1500 °C. Therefore, 

which ones are released from the carbon lattice more easily and which ones remain attached 

during the thermal process are tracked, allowing to assess possible stability/instability patterns 

between the carboxylic acids and the surface. From the complete MD simulations, the 

probability that each chemically independent surface carboxyl group of the system is reduced 

to CO2, ordered according to its corresponding average temperature, is shown in Figure 8b. 

Clearly, the group labeled C2 is the least stable and, therefore, the easiest to release, since its 

probability is highest (it occurred in all simulations) and the average temperature is the lowest 

(it is usually the first to be ejected). In the coordination environment, the five-carbon ring 

remains pristine, while the six- and seven-carbon rings are connected to two and one oxygen 

functionality, respectively. From here, the average temperature increases prominently by about 
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250 °C and continues to grow gradually, although the probability of releasing the other COOHs 

does not show an obvious trend. Among them, the C4 group seems to be one of the most stable 

and most difficult to release, promoted by the placement between a seven-carbon ring with a 

quinone (double carbonyl function) and a wide ten-membered ring with an ether and another 

carboxylic acid. In addition, the location only on two carbon rings shows that the carbon 

supporting the COOH is partially unsaturated, which reinforces its superior bond strength.  

To rationalize the increased stability of the C4 carboxylic acid, the C–COOH bond lengths of 

the six coordinatively unique carboxylic acids of the carbon material are measured. For each of 

the four simulations performed, these measurements are taken at the initial state (0 ps of MD) 

and after each CO2 release (e.g., for the heating rate of 20 K ps-1, at 38, 54, 61, 66, and 71 ps of 

MD). The resulting data are presented in Figure S26 and Table S7, with a 95% confidence 

interval for each mean distance. The most stable C4 carboxylic group is the one with the shortest 

Csupport–Cacid bond, averaging only 1.49 Å. Furthermore, the C5 group, which is one of the most 

likely to be released, has the longest and, therefore, weakest bond, at 1.63 Å. However, the low 

thermal stability of the C2 carboxylic group cannot be explained by the C–COOH bond length. 

In this case, the presence of two carbonyl groups in the proximity of C2 could potentially be 

responsible for the stabilization of the radical formed upon decarboxylation.104 It is also 

noteworthy that the -COO–H bond length of C2 (Figure S26 and Table S7) is significantly 

shorter than that of the other carboxylic acids, which correlates well with the previous 

observation that weaker carboxylic acids are the most thermally labile. Importantly, a negative 

correlation between the measured pKa of substituted benzoic acids and the C–COOH bond 

lengths is reported by Ishikita et al.,105 confirming that benzoic acid is not an appropriate model 

of surface carboxylic groups present on the basal plane. 

In conclusion, probing the thermal defunctionalization of these materials at the atomistic level 

constitutes a challenging task, as many reactions involving different types of OFGs can occur. 

However, the results obtained by in situ XPS point towards a decrease in carboxylic surface 

groups upon defunctionalization with a concomitant increase in defect sites, which is expected 

from condensation reactions. In addition, the presence of highly reactive carbon sites arising 

during thermal defunctionalization is shown by ab initio molecular dynamics simulations. 

These results suggest that the generation of electronically unsaturated carbon sites upon thermal 

defunctionalization should be feasible. 

3.3. Magnetic properties. As stated in the introduction, some properties, such as the chemical 

reactivity or magnetic properties of graphitic carbons are usually attributed to their structural 

disorder and the presence of unpaired electrons. Non-contaminated and relatively ordered 



28 

 

carbon-based structures as HOPG show a large diamagnetic susceptibility.106 For defective 

carbon materials, paramagnetism has been demonstrated, with contribution from point defects, 

edges or chemical doping.107,108 VSM and EPR spectroscopy are two commonly used 

techniques for evaluating the magnetic properties of carbon materials and providing insights 

into the spin properties, which are far from fully understood and still controversial. In recent 

years, dynamic nuclear polarization (DNP) has also been used to study paramagnetic centers in 

carbon materials, and to distinguish between different unpaired electron centers on the carbon 

surface.109,110 

The electronic and magnetic properties of the four oxidized carbon materials were investigated 

by VSM and EPR before and after thermal defunctionalization. Magnetic susceptibility 

measurements were used to determine the number of unpaired electron spins (Nspin) in these 

samples. Magnetic susceptibility measurements were conducted to determine Nspin of each 

material. Figure 9 shows the magnetic susceptibility between 5 K and 300 K after field cooling, 

for the oxidized materials before and after thermal defunctionalization at 400 °C. The oxidized 

carbons which have been thermally defunctionalized are labeled CO+TD. When unpaired 

electrons exist in carbon materials, the magnetic susceptibility derived from the unpaired 

electron spins is inversely proportional to temperature according to the Curie-Weiss law (Curie 

paramagnetism). All the materials show strong diamagnetism on the whole temperature range 

at high temperatures with an additional Curie-like paramagnetic contribution at low 

temperatures (except for FLG). Note that CNTO, CNFO and FMO one peak is observed in 

susceptibility for the different samples at around 70 K, rather constant in position. The presence 

of such a peak has already been reported for graphitic carbons, and it has been attributed to the 

effect of O2,
111 or metallic impurities.112 The presence of such a peak, which was not due to 

solidified oxygen was also observed in sulfur-doped amorphous carbons.113,114 For the 

thermally defunctionalized samples, which have been measured without air exposure, this peak 

disappear for CNFO and FMO and is dramatically reduced for CNTO, which could be due to the 

effect of heating procedure on removing impurities. Note that if the thermally defunctionalized 

sample is exposed to air after a first measurement, this peak appears in the second one. The 

obtained room temperature mass diamagnetic susceptibilities 𝜒 are -122, -52, -51 and -55×10-

9 m3 kg-1 for FLGO, CNTO, CNFO and FMO, respectively, in agreement with reported values of 

graphitic materials presenting large anisotropy in the susceptibility. After thermal 

defunctionalization, all the materials show a diamagnetic response, and they 𝜒 values are -121, 

-55, -59 and -61×10-9 m3 kg-1 for FLGO+TD, CNTO+TD, CNFO+TD and FMO+TD, respectively. 
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Figure 9. Magnetic susceptibility between 5 K and 300 K after field cooling, recorded at 5T for the 

oxidized, and thermally defunctionalized carbon materials and fitted by Curie-Weiss law at low 

temperatures (5 K-120 K, blue line). 

 

The paramagnetic response at low temperature is predicted by the Curie-Weiss law, allowing 

to extract the values of Nspin for the carbons before and after thermal defunctionalization (Table 

3 and Figure 9 for fitting). Thermal defunctionalization results in an appreciable decrease in 

Nspin. This decrease is more notable in the case of CNTs (~70 % decrease) than for CNFs and 

FM (~45 % decrease). The evolution of the magnetic properties has been determined by the 

measurement of the magnetic moments as a function of the applied magnetic field at 300 and 5 

K. The resulting data are displayed on Figure S27 and Figure S28, for the oxidized and 

thermally defunctionalization materials, respectively. The general behavior is dominated by the 

expected diamagnetic response of ordered carbon materials characterized by a negative slope, 

without any traces of ferromagnetism.  
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Table 3. Properties estimated from magnetic susceptibility measurement and EPR for the four oxidized 

carbon materials before and after thermal defunctionalization. 

Sample 

Nspin (×1019 g-1) 

VSM (Curie-Weiss law) EPR 

FLGO - 2.3 

FLGO+TD - 1.2 

CNTO 5.6 4.2 

CNTO+TD 1.8 3.5 

CNFO 1.1 2.1 

CNFO+TD 0.6 2.2 

FMO 1.0 2.4 

FMO+TD 0.6 2.2 

 

Continuous-wave EPR experiments performed on carbon materials usually provide spectra with 

complicated linewidths presenting both narrow and broad components related to the presence 

of localized and conduction electrons, and their interplay.115 The mobile conduction electrons 

in graphitic carbon particles presenting dimensions larger than the microwave penetration depth 

(skin depth, δ > 3 μm) conduct to a Dysonian line shape with broad linewidth. When the skin 

depth becomes larger than the particle size, this behavior can be disrupted, the Dysonian line 

shape giving its place to a Lorentzian. If conduction electrons are confined in very small 

particles with weak contacts among them a Gaussian component appears. The localized 

electrons resulting from the interruption of the π-system, which can interact with the mobile 

conduction electrons, exhibit a Lorentzian line shape with a narrow linewidth. Finally, non-

interacting localized electrons, like in radicals, with small hyperfine interactions, exhibit a 

Gaussian line shape with a very narrow linewidth.  

Room-temperature EPR spectra and simulations of the four oxidized carbon materials before 

and after thermal defunctionalization are presented in Figure 10.  

Large decreases of the cavity Q-values upon sample insertion were recorded for all materials, 

confirming electrical conductivity. We note that the small La values determined from XRD 

studies on all materials (see above) are in agreement with the total absence of Dysonian line 

shapes, both of which point to particle sizes that are small compared to the skin depth. All 

materials give relatively broad line widths (1-4 mTpp). This should be mainly related to the 

presence of numerous delocalized π-electrons on their surface, which broaden the EPR signals 

and to the low mobility of the electrons in the conduction band that would otherwise induce 

motional narrowing. All materials give a signal at around g = 2, typical of carbon radicals. 

Simulations allowed us to extract the different contributions (relevant parameters are given in 

Table 4). 
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Figure 10. Experimental (solid) and simulated (dashed) EPR spectra of the four oxidized carbon 

materials before (A) and after (B) thermal defunctionalization at 300 °C. Spectra were recorded at room 

temperature in sealed tubes under a helium atmosphere, with parameters given in experimental section 

and simulation parameters given in Table 4. The microwave frequency was around 9.312 GHz for FLG 

samples, 9.314 GHz for CNT samples and 9.311 GHz for CNF and FM samples. Spectra are normalized 

by the number of scans. 

 

FLGO exhibits a signal with two components: one with a Lorentzian line shape centered at 

g = 2.0056 (σpp = 1.5 mT), and one with a Gaussian line shape centered at g = 2.016 

(σpp = 3.4 mT). Deconvolution of the spectra are shown in Figure S29. We have attributed the 

Lorentzian contribution to localized electrons, either from the edges or from O-decorated areas, 

interacting with delocalized π-electrons; and the Gaussian contribution to the delocalized π-

electrons in FLGO crystallites (Lc = 23 nm, La = 12 nm).72 Interestingly, CNFO also exhibits a 

signal with two components: a major component centered at g = 2.0046 with a Lorentzian line 

shape, and a minor one, with a contribution of only 10 %, centered around g = 2.0076 with a 

Gaussian line shape. The two other materials show spectra with Lorentzian line shapes only. 

All spectra could be fitted with one species around g = 2.007 and different linewidths 

attributable to the intrinsic delocalized (conducting) π electrons in the graphite sheets. It appears 

from this analysis of the line shapes of the four materials that, as in the case of reduced graphene 

oxide,116 the major contribution to the EPR signal arises from localized π-defect states strongly 
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coupled with itinerant spins within the sp2 framework. Globally, there is no pronounced effect 

of the defunctionalization on the line shapes and g factors. 

 

Table 4. Simulation parameters for the EPR spectra of the four heat-treated graphitic carbons. 

Simulations were done using Easyspin.117 σGpp et σLpp are peak-to-peak Gaussian and Lorentzian line 

widths, respectively. Asterisks denote samples that gave p-EPR spectra. 
 

Sample giso σGpp (mT) σLpp (mT) % of species 

FLGO 2.0056(5) 0 1.53(6) 58(2) 

 2.0165(5) 3.43(8) 0 42(2) 

FLGO+TD 2.0051(6) 0 1.77(3) 74(10) 

 2.0165(5) 3.37(11) 0 26(10) 

CNTO 2.0065(15) 0 1.99(1) 100 

CNTO+TD* 2.0066(15) 0 2.41(2) 100 

CNFO 2.0047(5) 0 2.69(3) 92(1) 

 2.0076(5) 2.01(2) 0 8(1) 

CNFO+TD* 2.0047(5) 0 2.69(3) 90(1) 

 2.0078(5) 2.24(2) 0 10(1) 

FMO 2.0072(5) 0 2.96(2) 100 

FMO+TD* 2.0075(5) 0 3.30(2) 100 

 

Nspin can also be determined from the EPR measurement by comparison to the spectrum of a 

standard sample with known spin concentration, measured under identical conditions (see 

Materials and Methods). Although the absolute values of the Nspin obtained by VSM at low 

temperature and EPR at room temperature are not the same, the observed tendency for the 

increasing of Nspin, CNTO > CNFO ≈ FMO is the same, confirming the reliability of the two 

methods. Thermal defunctionalization results in an appreciable decrease in Nspin for FLG (~50 

% decrease) and CNTs (~37 % decrease), while the Nspin of CNFs and FM is not significantly 

impacted. This result might be consistent with the proposal that the defects and OFGs are 

associated with the appearance and stabilization of unpaired spins.18 However, considering the 

8 samples, no clear correlation was obtained between Nspin and the oxygen content determined 

by HT-TPD, neither with the H content, with the total gas evolved, or with the surface of edges 

as proposed in ref. 98 (Figure S30). Nevertheless, the results obtained suggest that two groups 

of materials present different behavior. For FLG and CNT supports the correlation between 

these parameters and Nspin is reasonable. For CNFs and FM, these parameters cannot be 

correlated to Nspin. Although a good correlation between Sedge and Nspin has been reported for 

carbon materials showing high OFG concentration, we have recently shown that both the 

Sprismatic and the Sbasal should be taken into account to rationalize the Nspin in materials showing 

low Sprismatic,
72 as the ones of the present study. 
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We also rely on pulse EPR (p-EPR) methods that allow the separation of the signals of different 

species, depending on their spin relaxation (Figure 11). Thus, species with short relaxation time, 

as conduction electrons, are undetectable by p-EPR, whereas edge and molecular states can be 

detected.118 

 

 

Figure 11. Experimental (solid) and simulation (dashed) echo detected field sweep of the four heated at 

2800 °C and oxidized graphene materials after defunctionalization at 300 °C for 2 hours. Spectra were 

recorded at 20 K with parameters given in experimental section. Spectra are normalized to the number 

of scan and the number of shot per point. The microwave frequency was around 9.737 GHz for FLGO+TD 

and CNTO+TD and around 9.734 GHz for CNFO+TD and FMO+TD. Simulation parameters are given in Table 

S8.  

 

We observe that the line widths of the species detected by p-EPR (Table S8) are around an 

order of magnitude smaller than those detected by cw-EPR. Such narrow peaks should normally 

be detected in cw-EPR experiments assuming comparable quantities. Their non-observation in 

cw-EPR leads us to suggest that they are minor species whose cw-EPR signals are masked by 

those of the major species with broader lines. Thus, the two types of spectra give 

complementary information: the dominant contributions observed by cw-EPR cannot be 

observed by p-EPR, and by p-EPR we can detect and identify low-intensity components that 

could not be resolved in the cw-EPR spectrum. It was shown that the paramagnetic centers 

observed in the spin echo constitute a small fraction of those observed in the cw-EPR spectrum. 
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Preliminary relaxation studies allowed us to determine T1 and TM times for the defunctionalized 

materials (Figure S31, Figure S32, and Table S9). Indeed, echo decay experiments showed a 

stretched exponential decay without ESEEM (Electron Spin Echo Envelope Modulation) 

contribution, while saturation recovery experiments also showed a stretched-exponential spin-

lattice relaxation. Moreover, we note that signals appearing in p-EPR spectra are only those 

originating from samples that were defunctionalized by thermal treatment at 300 °C for 2 h. 

These samples did not exhibit p-EPR signal prior to defunctionalization, which means that these 

minor species were in fact produced during the defunctionalization treatment. 

Taken together, the VSM and EPR results therefore suggest that the two materials whose Nspin 

decreases the most after thermal defunctionalization are FLG and CNTs. These two materials 

are those which present the lowest prismatic surface and the lowest concentration of OFGs 

(Table 1). In fact, a very good correlation was determined between the decrease of Nspin upon 

defunctionalization determined by EPR and the prismatic surface and oxygen content in the 

samples (Figure S33). The observed tendency for the decreasing of Nspin in the defunctionalized 

samples is CNTO+TD > FLGO+TD ≈ CNFO+TD ≈ FMO+TD. Finally, echo-detected field-swept EPR 

spectra show the apparition of a signal only upon thermal defunctionalization, particularly for 

samples showing a high proportion of prismatic surface. On such surface, it is expected that the 

vicinity of OFGs should favor the condensation reactions depicted in Scheme 2, which should 

result in the generation of electronically unsaturated carbon sites. 

3.4. Catalytic properties. The catalytic activity of the four oxidized carbon materials before 

and after thermal defunctionalization was evaluated for the catalytic dehydrogenation of 

indoline to indole (Figure 12a).119 This reaction can operate in the presence (oxidative 

dehydrogenation) or not (acceptorless dehydrogenation) of oxygen on metal-free catalysts, 

including with carbocatalysts.98,120,121 However, the mechanism of oxidative dehydrogenation 

on carbocatalysts is still disputable and inconclusive. Some mechanistic studies on N-doped 

carbons have shown that the oxidative dehydrogenation of N-heterocycles was a radical 

reaction process; and superoxide (•O2−) and hydroxyl radical (•OH) were probed as the 

reductive oxygen species.121 Other authors have proposed that, different from metal catalyst, 

the reaction on N-doped or N/P-co-doped carbon proceeds via a non-free radical pathway.122,123 

On oxidized carbon materials, quinoidic groups were proposed to be the active sites, on which 

the rate-determining H-abstraction step can occurs either by direct bimolecular hydride transfer 

or via an hemiaminal pathway.124 Oxidized carbons, such as graphene oxide, can also produce 

stable carbon radicals under photo-irradiation, which are active for indoline dehydrogenation 

under air.125 In fact, depending on the carbon material, different active sites have been proposed, 



35 

 

on which the reaction is completed such as clustered N sites,120 OFGs or unpaired electrons in 

carbon edge sites.98,121 All these sites being able to activate O2.  

The performance of the four oxidized carbon materials before and after thermal 

defunctionalization was evaluated at 100 °C in xylene for 5 hrs. The reaction hardly proceeded 

in the absence of catalyst (conversion = 7.5 %). Whatever the type of carbon material, the 

conversion is decreasing after thermal defunctionalization. This result is not consistent with a 

study by Helaja et al., where it was shown that thermal decarboxylation of oxidized carbons 

improves the activity of the catalyst.124 The decrease in conversion follows the order: CNTs 

(39.5%) ~ FLG (36%) > FM (27.5 %) ~ CNFs (26 %). 

The effect of thermal defunctionalization on conversion is more pronounced on CNT and FLG, 

as it was the case for the Nspin. This could suggest a direct correlation between Nspin and indoline 

conversion. However, no clear and direct correlation could be draw considering the 8 samples 

(Figure S34a). A closer inspection of the results obtained reveals again two groups of materials 

showing different behavior. First, FLG and CNT samples, for which the correlation between 

conversion and Nspin is reasonable (Figure S34b). Then, CNFs and FM, for which conversion 

cannot be correlated to Nspin. As OFGs (epoxy, hydroxyl, ketonic and carboxyl groups) have 

been identified as active sites for O2 activation and/or H-abstraction,124,126,127 we also consider 

a possible correlation between the conversion and the O content determined by HT-TPD. The 

similarity of figures Figure S34b and Figure S30b suggests that such correlation could be good. 

Indeed, a good correlation was observed between the indoline conversion and the O content 

(Figure 12b). Since the nature of the oxygen-containing gases emitted during TPD (CO2, H2O 

and CO) is related to the type of OFGs present on the surface, we also tried to correlate the 

conversion to the type of gas emitted (Figure S35). Although reasonable correlations were 

obtained with the amount of CO or CO2 evolved, the best correlation was definitively obtained 

taken into account the total amount of gas evolved (CO2 + CO + H2O). This latter correlation 

is not compatible with the fact that a single type of active site operates for the reaction. As both 

neutral (for example ketonic carbonyl groups128) or radical active sites have been proposed for 

oxidative dehydrogenation on carbon materials, we conducted a radical inhibition experiment 

with the most active CNTO catalyst. When the radical scavenger 2,6-di-tert-butyl-4-

methylphenol (BHT) was added, the conversion of indoline decreases systematically of ten 

points for each sampling, which correspond to 12-30% decrease (Figure S36). Reproducibility 

tests were independently performed to verify that this decrease in conversion was not within 

the reproducibility of the experiments. The limited variation of conversion in the presence of 2 

equivalents of BHT and the good correlation obtained between the conversion and the oxygen 
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content determined by HT-TPD indicate that the main reaction pathway should not imply free 

radical sites (carbon- or oxygen-centered), but OFGs. 

 

 

Figure 12. a The relationship between Nspin and conversion of indoline. b Correlation between the 

oxygen content determined by HT-TPD and the conversion of indoline. For the four oxidized carbon 

materials after thermal defunctionalization, was consider only the content of oxygen release at T > 

400°C. c Correlation between a parameter integrating the oxygen content determined by HT-TPD and 

the Nspin and the conversion of indoline.  

 

Since radicals may still be involved in the reaction, even if to a small extent, and since no clear 

correlation has been established between conversion and Nspin but between conversion and 

oxygen content, we also considered a possible correlation between conversion and a parameter 

integrating Nspin and O content. No clear and direct correlation could be draw considering the 8 
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samples (Figure 12c). However, if we consider independently the two groups of materials 

previously discussed (FLG and CNT on one side and CNF and FM on the other side), we 

noticed a very good correlation between indoline conversion and the [Nspin x O content]. 

If we compare the materials showing a value of [Nspin × O content] approximately equal (CNFO 

and CNTO+TD), we see that the most active material (CNFO) is the one that has the higher O 

content and not Nspin. If we compare two materials presenting similar conversion (CNFO+TD and 

CNTO+TD) we see that despite the Nspin differ significantly between these two samples (higher 

for CNTO+TD), the O content is similar for both materials. If we compare two materials that have 

similar Nspin (CNFO and FMO+TD or FMO and CNFO+TD) we see that the higher conversion is 

obtained with the material showing the larger O content. We are therefore leaning towards a 

non-radical mechanism that prevails for indoline dehydrogenation on these carbocatalysts. 

The fact that CNF and FM samples exhibit better conversion than FLG and CNTs for a given 

[Nspin × O content] domain should be related to their structure. These materials are the one 

showing the higher proportion of prismatic surface. We therefore proposed that the prismatic 

surface should favors the formation of a denser network of OFGs compared to the basal 

surface.94 As suggested by the echo-detected field-swept EPR spectra, this denser network 

should be more favorable to the formation from vicinal OFGs of localized electronic states that 

might be involved in the reaction. This denser network should also favor the existence of 

specific sites containing two functionalities (quinone, lactone, anhydride) 129 that might be 

involved in the reaction. 

 

4. CONCLUSIONS 

We have investigated the effect of thermal defunctionalization (300-400 °C under inert 

atmosphere) on the structural, chemical and magnetic properties of four graphitized and 

oxidized carbons presenting different prismatic and basal surfaces (FLGO, CNTO, CNFO and 

FMO). This treatment was performed with the aim of producing stabilized localized electronic 

states from condensation reactions, which have been proposed to impact the magnetic 

properties and chemical reactivity of carbon materials. 

Our results show that the oxidation treatment makes it possible to eliminate metallic residues 

(ToF-SIMS analyses), which may affect both magnetic chemical and properties. XPS and ToF-

SIMS analyses agree with the following order for the surface oxygen content: FLGO < CNTO < 

CNFO < FMO. The graphitized materials with the higher percentage of prismatic surface area 

show the higher oxygen content when oxidized. Surface OFGs capable of producing 

condensation reactions have been detected by XPS and HT-TPD. These groups (carboxylic and 
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phenol), predominantly situated at the surface, seem to be distributed in a non-homogeneous 

manner. Annealing under an inert atmosphere induces the decrease of carboxylic surface groups 

with a concomitant increase of defect sites (in situ XPS analyses). Such a behavior is expected 

from condensation reactions. Ab initio molecular dynamic simulations have highlighted the 

complex surface chemistry that can occur during this thermal defunctionalization step. VSM 

and EPR analyses show that the spin density globally decreases upon thermal 

defunctionalization. However, p-EPR analyses evidence that new paramagnetic centers are 

created upon defunctionalization, particularly for samples showing a high proportion of 

prismatic surface. This result validates our approach. However, the contribution of 

electronically unsaturated carbon sites to the chemical reactivity for the dehydrogenation of 

indoline is only moderate, for which the surface OFGs are the main active sites. 
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