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Abstract 

Carbon nanomaterials can be prepared by several methods having in common that 

need a carbon source and often require high energies. In this study we report the 

synthesis and characterization of carbon nano-onions by annealing of commercially 

available nanodiamonds and explore for the first time their functionalization with a 

radio frequency Ar/O2 plasma. Heat treatment of nanodiamonds at 1200ºC for 6 

hours under argon atmosphere afforded small spherical carbon nano-onion particles 

of 3-4 nm diameter and 5-6 graphitic shells. The prepared CNOs were visualized 

by HRTEM and showed the characteristic XRD and Raman features. The results 

have been compared with a sample prepared by annealing at 1600ºC. Plasma 

functionalization in Ar/O2 atmosphere was used to introduce oxygen moieties into 

the surface of synthesized CNOs. X-ray photoemission spectroscopy showed that 

oxygen-containing groups like C-O, C=O and O-C=O were introduced on the 

surface of CNOs, a process that is accompanied by a surface reorganization as 

evidenced by the change of ID/IG ratios in the Raman spectra, indicating a 

conversion of sp2 to sp3 as a result of functionalization in the surface of CNO. 
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1. Introduction 

Carbon nano-onions (CNOs) are multilayered fullerenes built from concentric 

graphitic shells forming quasi-spherical structures and can be considered as spherical 

analogues of multiwalled carbon nanotubes [1]. The first method to synthesize CNOs by 

intense electron beam irradiation of amorphous carbon as precursor was described by 

Ugarte in 1992, which also marks the discovery of this new nanocarbon form [2]. 

Following this report, many techniques were tried for efficient and gram-scale production 

of CNOs such as arc-discharge [3-5], chemical vapor deposition (CVD) [6,7] and radio 

frequency/microwave plasma [8]. These methods have some drawbacks related with the 

purity and quantity of the final product. For instance, arc-discharge often yields other 

carbon nanomaterials such as carbon nanotubes, the diameter of the CNOs is not 

homogenous and the purification methods are often destructive and affect the quality of 

the prepared CNOs. Recently, Stride proposed a method to prepare large CNOs by flash 

pyrolysis of naphthalene vapor followed by heating in vacuo to remove the unreacted 

precursor [9] 

Kuznetsov [10] was the first to propose a precise way to produce homogenous 

and small CNOs of 5-8 carbon shells by vacuum annealing at high temperatures of ultra-

dispersed nanodiamonds (NDs). This technique produces high yields of pure and small 

CNOs since it does not require any other catalyst and by adjusting the size distribution of 

the starting NDs before annealing it is possible to tune the size distribution of CNOs. 

Furthermore, this process could be scaled-up and may even be applied industrially. A 

detailed molecular dynamics simulation of the formation of NDs to CNOs was described 

by Tomita [11] who proposed that the heating treatment graphitize the NDs from the 

surface to the inner core until fully hollow CNOs are formed. However, the onset 

temperature of the start of graphitization of NDs until it is fully transformed to CNOs is 
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not clear and different values can be found in the literature which probably depends on 

the available devices for the annealing. Obraztsova et al. [12] observed that at around 

1400 K (1127˚C) the first traces of graphitic layer started to appear with almost full 

transformation at 1800 K (1527˚C) but they have noticed reconfigured CNOs into a 

highly ordered hexagonal structure. On the other hand, Qiao et al. [13] synthesized CNOs 

by annealing NDs for 1 h at temperatures between 1100 and 1200˚C in an argon 

atmosphere. Their study revealed that CNOs begins to form at temperatures around 1100-

1200˚C. Very recently, Mykhailiv et al. investigated the effect of synthesis conditions 

and a post-thermal treatment at lower temperatures on the structural and electrochemical 

properties of CNOs for supercarpacitor applications [14].  

The applications of carbon nano-onions have been limited due to their intrinsically 

hydrophobic nature. To improve their solubility, several functionalization methods have 

been made either covalent [15-20] or non-covalent i.e. incorporated in composite 

materials [21-23] or using supramolecular interactions [24].  

Plasma-based techniques are new and attractive ways to functionalize materials 

due to its simplicity and also because they are contaminant-free methods. No harsh 

chemicals were used, it is environmentally friendly and safe and easy to handle and 

operate. This method, which does not seem to tested in CNOs, induces less damage on 

the structure of the material, since the excited molecules produced during the plasma 

discharge attack the C=C bond creating open ends and defect sites as primary sites for 

functionalization. As in the case of multi-walled carbon nanotubes, the C=C bonds of 

CNOs are expected to be vulnerable to plasma activation with the formation of oxidized 

sites on the surface that can be the initial sites for further modifications [25]. 

In this work, we synthesized and prepared CNOs by annealing commercially 

available nanodiamonds at temperatures not exceeding 1200ºC under inert atmosphere. 
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The synthesized CNOs were further functionalized using a radio frequency (RF) plasma 

in Ar/O2 atmosphere to introduce oxygenated groups on the surface of the CNOs [26]. 

This mild technique of functionalization would give newly transformed unique properties 

of CNO that can be used for other applications. 

2. Experimental Section 

Nanodiamonds (particle size: 2-8 nm) were obtained from TCI Europe BV and used as 

received. The annealing process was carried out on a quartz tubular furnace (HST 12/600, 

Carbolite, UK) able to heat up until 1200˚C. A sample of CNO prepared by annealing 

nanodiamonds at 1600ºC was used for comparison purposes [24]. 

2.1. Preparation 

CNOs were prepared in two batches using different conditions. To prepare the first batch 

(CNO-1), 200 mg of nanodiamonds were loaded in a ceramic quartz boat and transferred 

to the furnace. The air in the furnace was removed by purging with nitrogen gas for 

several minutes. Annealing of nanodiamonds was performed at 1100˚C under nitrogen 

atmosphere with a heating ramp of 50˚C min-1. The final temperature was kept for over a 

period of 3 h, and then the material was slowly cooled to room temperature.  

The second batch (CNO-2) was prepared using 300 mg of nanodiamonds. The annealing 

was performed at 1200˚C under argon atmosphere at a heating ramp of 50˚C min-1. The 

final temperature was maintained for 6 h and then the annealed sample was slowly cooled 

at room temperature. A portion of this sample was treated with 30% hydrogen peroxide 

for 3 h, washed and dried under vacuum at 50˚C (CNO-2*) [27].  
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2.2. Characterization 

The annealed samples were characterized using High Resolution Transmission Electron 

Microscopy (HRTEM) on a Jeol 2011 instrument (from the Servei de Microscòpia of 

Universitat Autónoma de Barcelona) operated at 200 kV and adapted with diffraction 

patterns to visualize the structural form of the product before and after annealing. Samples 

were prepared in copper grids with a carbon layer and CNO samples were dispersed in 

ethanol.  

Raman spectra were recorded in a RENISHAW inVia instrument equipped with 

a 514 nm excitation laser at 1 mW. A glass slide was used to hold the samples. The ID/IG 

ratio was calculated by dividing the areas of D-band and G-band peaks after background 

subtraction. X-ray diffraction (XRD) was performed using a Siemens D5000 

diffractometer (Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer) 

fitted with a curved graphite diffracted beam monochromator. The angular 2θ diffraction 

range was between 5˚ and 130˚. The data were collected with an angular step of 0.05˚ at 

3 s per step and sample rotation. A low background Si (510) wafer was used as sample 

holder. Cukα radiation was obtained from a copper X-ray tube operated at 40 kV and 30 

mA. 

2.3. Radio Frequency (RF) Plasma Treatment 

RF plasma treatment was carried out in a Diener Electronic GmbH Femto SRCE plasma 

instrument equipped with PC control. The low pressure plasma reactor consists of three 

main components: the vacuum chamber, the vacuum pump and a high frequency 

generator for plasma creation. A low pressure is created in the chamber by means of a 

vacuum pump at a pressure as low as 0.3 mbar and then mixture of Ar/O2 is fed into the 

chamber continuously flowing to expel other contaminants for 2 min before the main 
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treatment. The working pressure was set at 0.4 mbar and when this pressure is achieved 

the generator is switched on and the process gas in the chamber is ionized. 40 mg of CNO-

2 or CNO-2* were loaded in a Pyrex® glass container and mounted into the rotary drum 

of the plasma machine. The plasma system receives continuously fresh gas while 

contaminated gas is removed. Ar and O2 concentration in the reaction were 75% and 25%, 

respectively. The plasma treatment was carried out for 5 min at a power of 30 W and 60 

W and after this time, another 5 min was set to let the gas flush and vent the chamber.  

The treated sample was removed and examined by X-Ray Photoemission 

Spectroscopy (XPS) (conducted at ICN2 facilities in Barcelona, Spain) and Raman 

spectroscopy. Ex-situ XPS experiments were performed at room temperature with a 

SPECS PHOIBOS 150 hemispherical analyzer at 10 eV pass energy using 

monochromatic Al Kα (1486.74 eV) radiation as excitation source in a base pressure of 

10-10 mbar. Lorentzian deconvolution of the spectra was carried out using the Origin 

software (version 7). 

3. Results and discussion 

3.1. Preparation and characterization of CNOs by nanodiamond annealing 

The structural transformation of ND to CNOs was first confirmed by direct visual 

observation as there was a significant change of color from gray to black of the starting 

NDs after annealing. The yield of CNO-1 and CNO-2 were (179 mg) 89.5% and (259 

mg) 86.3%, respectively. These differences may be ascribed to the presence of water in 

the starting material.  

The ND→CNO transformation was studied using HRTEM (Figure 1). The 

HRTEM images of the starting NDs showed the presence of the typical crystal lattice of 

diamond formed by parallel planes separated by ~0.19 nm, in good agreement with 
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literature reports [28] (Figure 1a). Inspection of HRTEM images of CNO-1 in Figure 1b 

showed particles not completely transformed into CNOs, in which graphitic shells of 2-3 

layers are present around a ND core with a slightly increased interlayer distance of 0.21 

nm. Therefore, these annealing conditions were not appropriate to transform completely 

the NDs in CNOS. In contrast, exposure of ND to the maximum temperature allowed by 

the furnace at 1200˚C for longer times (6 h) generated essentially spherical CNO particles 

of 3-4 nm diameter with no presence of ND lattices (Figure 1c). These particles were 

formed by an average of 5-6 graphitic shells with distances between the carbon layers 

around of 0.35 nm and indicate that these annealing conditions are adequate to form small 

diameter CNOs from NDs with no need of higher temperatures. In fact, a comparison 

with a sample annealed at 1600ºC [24,29] shows reconstructed hexagonal structures in 

the resulting CNOs due to the fusion of graphitic layers [30] due to the annealing at higher 

temperatures (Figure 1d).  

Figure 1 
 

XRD data was used to follow the transformation of NDs to CNOs (Figure 2). NDs 

have three characteristic peaks at 2θ values of 43º, 75º and 90º corresponding to the (111), 

(220) and (311) planes of sp3-bonded diamond, respectively. On the other hand, the 

diffraction pattern of CNOs show two main peaks corresponding to sp2
 graphitic layers 

at 2θ values of 25º (002 plane) and around 43º (100 plane) [11]. Figure 2 shows the 

diffraction patterns obtained for the starting NDs and the products resulting from 

annealing (CNO-1 and CNO-2). In principle, the XRD signal can be generated from the 

coinciding scattering of many crystal planes and is thus proportional to the crystal volume 

of the whole sample. Therefore, in the case where large ND particles are not fully 

graphitized they would strongly contribute to the overall XRD signal and even small NDs 

that were fully transformed to sp2 carbon will be overshadowed. This phenomenon was 
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clearly observed in CNO-1 in which the presence of peaks at 43º, 75º and 90º indicate 

that it contains the peaks of untransformed NDs and the appearance of a broad peak at 

25º corresponding to the (002) plane of graphitic carbon is observed. In contrast, in CNO-

2 the peaks at 75º and 90º are absent and only show the peaks at 25º and 43º (graphitic 

(100) plane), indicating a complete ND→CNO transformation in these conditions. 

Figure 2 
 
Raman spectroscopy is a very useful technique to characterize carbon structures 

that complements XRD and HRTEM, especially for the presence of the so-called D and 

G bands. The G band (~1580 cm-1) is due to the sp2 bonded carbons and indicates the 

presence of the graphitic layer. The D band (~1340 cm-1) is related with defect modes and 

is very sensitive to any disruption between the configurations of the carbon material. The 

Raman spectrum of CNO-1 (Figure 3) shows two bands at 1340 and 1587 cm-1 with an 

ID/IG ratio of 1.07. These bands are broad and not well resolved, indicating an incomplete 

graphitization of the sample. Annealing at higher temperature for longer times as in CNO-

2, gave a spectrum with well resolved peaks and ID/IG = 0.94, due to the stronger peak of 

the G-band (1584 cm-1) which indicates that sp3 carbons of the ND was converted to sp2. 

The transformation of ND to CNO is also evident when comparing the Raman spectra of 

the CNO samples with that of ND. The latter shows a peak at 1329 cm-1 that corresponds 

to the sp3 C-C bonds (close to bulk diamond which appears at 1332 cm-1) and a second 

peak at 1596 cm-1 that is associated with adsorption of water molecules [31].  

Figure 3 

3.2. RF Plasma Functionalization of CNOs 

The possibility to use an Ar/O2 radio frequency plasma for functionalization of CNOs 

was then investigated. Since CNO-2 was the product that underwent a full graphitic 
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transformation, this sample was used for this study before and after treatment with 

hydrogen peroxide [27,29] to remove amorphous carbon (CNO-2*).  

The chemical modification of the surface of CNOs arising from the plasma 

treatment was analyzed by XPS. XPS is a surface sensitive technique used to identify the 

functional groups attached to the surface of the material. Figure 4 shows the XPS survey 

spectra of CNO-2, CNO-2* and plasma treated samples together with the total 

percentages of carbon and oxygen. In all spectra, the distinctive existence of carbon and 

oxygen can be observed, even in pristine CNO-2. In this case, oxygen atoms come from 

air oxidation on the surface of CNO and humidity, which is about 10.80% (Figure 4a). 

There is a significant increase in the oxygen concentration after treatment with hydrogen 

peroxide, doubling the value of the percent of oxygen of pristine CNO (21.06%) 

indicating that this step can oxygenate the surface of CNOs (see below for further 

discussion) (Figure 4b). Treating the sample with plasma after purification removes 

unstable oxygen groups attached into the surface of purified CNOs. Since plasma can be 

used for both etching and functionalization, unbounded and unstable moieties are 

removed as indicated by the decrease in %O content in CNO-2-30W (Figure 4c) and 

CNO-2-60W (Figure 4d). On the other hand, the samples of pristine CNO-2 directly 

treated with plasma at 60W showed a minimal increase of oxygen content (about 1%), 

which clearly indicates that plasma treatment is a mild treatment to functionalize the CNO 

surfaces.  

Figure 4 
 
Further information on the nature of the functional groups on the CNO surface 

was obtained from the analysis of high-resolution XPS spectra (Table 1). Figure 5 shows 

the deconvolution of the C1s peak of each analyzed sample. The peak at 284.9 eV is 

attributed to the graphitic structure (C=C) and sp2 carbons, while the peak centered at 
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286.2 eV is related with the sp3-hybridized carbon atoms (C-C). The peaks at 287.7 eV 

and 289.4 eV correspond to the C-O and O-C=O functionalities, respectively. An 

additional weak peak at 291.5 eV, related to π-π* transition levels associated with free 

electrons between the graphitic planes [26], can be seen in some of the samples. After the 

purification (Figure 5b), there was a decrease in sp2 and sp3 signals (49.65% and 33.87%) 

accompanied by an increase in C-O and O-C=O (14.6 % and 1.68%) as compared to 

CNO-2 (Figure 5a), indicating that purification introduced oxygen functionalities into the 

surface of CNO. Moreover, the π-π* peak is only present in CNO-2 but not in CNO-2*, 

which indicates that the graphitic plane has been damaged decreasing the movement of 

free electrons. In plasma treated samples (Figures 5c and 5d), there is an increase of the 

sp2 carbon signal, especially when treated at 30W, with a very slight restoration of the 

presence of π-π* peak at 60 W. On the other hand, direct treatment of CNO-2* with 

plasma (Figure 5e) showed an obvious decrease in sp2 carbons and an increase in all other 

peaks, which also indicates a successful oxygen functionalization in the surface of CNO.  

 

 

Table 1. XPS analysis of CNO-2 samples before and after purification and plasma 

treatment at 30 and 60 W. The percents of each element were normalized to 100%. 

 

 

 

 

Sample   

C 1s O 1s 

sp2  sp3 C-O  O-C=O  H2O C-O O-C=O 

CNO-2  50.48 34.77 13.71 1.04 34.42 27.57 38.01 

CNO-2*  49.65 33.87 14.80 1.68 13.90 46.24 39.86 

CNO-2* 30W 55.43 33.06 10.94 0.57 17.47 46.95 35.58 

CNO-2* 60W 49.92 35.01 13.77 1.30 13.25 36.54 50.21 

CNO-2 60W 48.89 35.68 13.97 1.46 0.05 41.40 58.55 
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Figure 5 

Analysis of the oxygen content of the samples was carried out based on the high 

resolution O1s spectra of the samples before and after treatment (Figure 6, Table 1). As 

can be seen, low RF power favors the formation of C-O functionalities, while increasing 

the power results in a much higher contents of carbonyl groups on the CNO surface, in 

agreement with the C 1s data. It is interesting to note the presence of water in all samples 

(except for CNO-2 treated at 60W), indicating a susceptibility to environment moisture, 

especially for CNO-2. This water contents decreases when the sample is purified and 

treated with plasma as well as when CNO-2 was directly treated with plasma. In the latter 

case, a hydrophobic surface seems to be generated thus moisture cannot affect the surface 

of CNO (Figure 6e, Table 1).  

Figure 6 

Raman spectroscopy was used to support the results in XPS for the change of sp2 

hybridized graphitic plane C=C to sp3 carbon C-C before and after purification and 

plasma treatment as shown in Figure 7. The high sensitivity of the D and G Raman bands 

to the disorder in the surface of CNOs before and after purification and plasma treatment 

are shown in Figure 7. CNO-2 showed a lower ID/IG ratio of 0.94 due to the stronger 

intensity peak of the graphitic plane (sp2) C=C at ~1584 cm-1 and lower disorder plane 

(sp3) C-C at ~1337 cm-1, which correlates well with the XPS findings. After purification, 

(CNO-2*) some of the sp2 bonds seem to be converted to sp3, thus there is a significant 

increase in the ID/IG ratio to 1.07. The sp3 or D band has been enhanced due to the 

functionalization of the surface by purification as also reflected in XPS data. Interestingly, 

plasma treatment at 60W decreases the ID/IG ratio to 1.01, a result we attribute to an 

etching or removal of unstable disordered planes on the surface, which exposes the 

graphitic layer of CNOs as observed in the XPS spectra. These results allow us to propose 
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a mechanism similar to that represented in Figure 8 to account for the XPS and Raman 

results of the different treatments.  

Figure 7 

Figure 8 

 

4. Conclusions 

Heat treatment of ND at 1200ºC for 6 hours under argon atmosphere afforded small round 

CNO particles of 3-4 nm diameter and 5-6 graphitic shells. The CNO sample was 

characterized by HRTEM, XRD and Raman spectroscopy. Purification and plasma 

treated samples of CNOs generates oxygen functionalities into the surface as determined 

by XPS and Raman spectroscopy. This mild method opens the way to further covalent 

modifications of CNOs and studies are underway in this direction.  
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Figure captions 

 

Figure 1. HRTEM images of a) ND, b) CNO-1, c) CNO-2 and d) ND annealed at 1600ºC. 
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Figure 2. XRD patterns of ND, CNO-1 and CNO-2. 

 

Figure 3. Raman spectra of ND, CNO-1 and CNO-2. 
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Figure 4. Survey XPS spectra of (a) CNO-2, (b) CNO-2*, (c) CNO-2* treated at 30W, 

(d) CNO-2* treated at 60 W and (e) CNO-2 treated at 60W. 
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Figure 5. High resolution XPS C 1s spectra of (a) CNO-2, (b) CNO-2*, (c) CNO-2* 

treated at 30W, (d) CNO-2* treated at 60 W and (e) CNO-2 treated at 60W.  
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Figure 6. High resolution XPS O 1s spectra of (a) CNO-2, (b) CNO-2*, (c) CNO-2* 

treated at 30W, (d) CNO-2* treated at 60 W and (e) CNO-2 treated at 60W. 
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Figure 7. Raman spectra of a) CNO-2, (b) CNO-2*, (c) CNO-2* treated at 60 W. 

 

Figure 8. Proposed surface transformations of CNO-2 after purification and RF treatment.  
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