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Abstract: The present study aims to compare the early stages of graphitization of the same DND 

source for two annealing atmospheres (primary vacuum, argon at atmospheric pressure) in an 

identical set-up. DND samples are finely characterized by a combination of complementary tech-

niques (FTIR, Raman, XPS, HR-TEM) to highlight the induced modifications for temperature up to 

1100 °C. The annealing atmosphere has a significant impact on the graphitization kinetics with a 

higher fraction of sp2-C formed under vacuum compared to argon for the same temperature. 

Whatever the annealing atmosphere, carbon hydrogen bonds are created at the DND surface dur-

ing annealing according to FTIR. A “nano effect”, specific to the < 10 nm size of DND, exalts the 

extreme surface chemistry in XPS analysis. According to HR-TEM images, the graphitization is 

limited to the first outer shell even for DND annealed at 1100 °C under vacuum 

Keywords: nanodiamonds; surface graphitization; X-ray photoelectron spectroscopy 

 

1. Introduction 

Since the last decade, diamond nanoparticle or nanodiamond (ND) has been the 

object of a growing interest from researchers, engineers, and companies. Indeed, ND 

gather the outstanding physical and chemical properties of the bulk diamond and new 

assets conferred by the nanoscale. Among the different ND sources, nanodiamonds 

produced by detonation (DND) are actively investigated, mainly for bioapplications, 

catalysis, novel lubricants, and composites [1–4]. For instance, DND are widely used as 

vectors for delivery of drugs or genetic material [5,6] for their < 10 nm diameter provides 

a high specific surface area (up to 400 m2/g) and allows to expect renal clearance [7]. Their 

carbon-related surface chemistry plays a central role as it greatly influences the surface 

charge of DND for an efficient electrostatic loading of biomolecules of interest [8], and it 

strongly drives their colloidal properties governing interactions with solvents [9]. Apart 

from its biomedical applications, this versatile surface chemistry also offers optimized 

chemical bonding possibilities with oils or polymer matrix toward novel lubricants and 

composites materials, thereby maximizing the expected mechanical, electrical, or thermal 

properties. Furthermore, surface chemistry also drives DND surface-related properties 

such as (photo)catalytic abilities [10,11], radiosensitization [12,13], and radicals over-

production [14] or antibacterial behavior [15]. 
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For all these applications, if oxidized and hydrogenated surfaces have already been 

widely investigated, graphitized surfaces may also be promising and yet intricate. As 

shown by Lin et al. [16], the graphitization state of DND strongly drives their catalytic 

behavior, as the sp2/sp3 interface may offer favorable electron transfer routes if carefully 

designed. The formation of a sp2-organized surface covering an sp3 core may have 

promising properties conferred by fullerene or graphene assets such as photothermal 

therapy [17]. Optimized functionalization routes were also developed on graphitized 

DND, via arylation reactions, for instance, to graft complex organic moieties for bioap-

plications or polymer composites [18]. 

The formation of fully graphitized DND up to onion-like carbon (OLC) structures 

from DND is now well documented. Indeed, as OLC have promising applications for 

energy storage, catalysis, and composites [19,20], the formation of OLC from ND has 

been extensively investigated [21]. This approach allows the creation of high-purity ma-

terial and small sizes at low cost. The full transformation of ND into OLC structures was 

thus studied experimentally by annealing at temperatures included between 1100 °C and 

1900 °C under different atmospheres (vacuum [22], argon [23], helium [24], nitrogen [25], 

hydrogen [26]). In parallel, formations of curved graphite-like structures and concen-

tric-shells fullerenes on nanodiamonds were theoretically investigated [27–29]. In this 

context, a few years ago, Zeiger et al. published a complete review on OLC synthesis and 

energy storage applications that includes the current state of the art on graphitization 

mechanisms of ND [21]. According to previous investigations, thermal effects induce first 

the desorption of water molecules and then one of the different oxygen functional groups 

present at ND surface (hydroxyl, ether, carbonyl, carboxyl, anhydride, lactone). Conse-

quently, dangling bonds are created on sp3-carbon atoms from the DND surface that can 

either be saturated by species or molecules present in the annealing atmosphere or com-

bined together to form sp2 carbon local bonds. The surface graphitization seems to also be 

initiated from the non-diamond carbon present at the ND surface within the 700–800 °C 

temperature range. The reorganization of the complete first outer shell of ND as a carbon 

onion shell occurs for higher annealing temperatures, typically in the 900–1100 °C range. 

However, the primary steps of sp3-C to sp2-C transition at the DND’s surface remain less 

understood and finally only few studies have really focused on the first stages of graphi-

tization under vacuum [18,30–34]. Furthermore, from the best of our knowledge, in such 

studies, the impact of the annealing atmosphere on the early stages of graphitization 

mechanisms of DND was not investigated in detail. 

The present study aims to compare the early stages of graphitization of the same 

DND source for two different annealing atmospheres (primary vacuum and argon at 

atmospheric pressure) in an identical set-up. All DND samples are finely characterized 

by a combination of complementary techniques to highlight the induced modifications 

for temperature up to 1100 °C. FTIR and XPS investigations allow probing the effects on 

the surface chemistry, whereas Raman and HR-TEM observations evidence the evolution 

of the carbon hybridization and of the crystalline structure versus the annealing temper-

ature for each atmosphere. The sensitivity of each technique to sp2 carbon is compared. 

We show that the annealing atmosphere has an impact on the graphitization kinetics. 

Whatever the annealing atmosphere, carbon hydrogen bonds are created at the DND 

surface during annealing according to FTIR, and the origin of the involved hydrogen 

species is discussed. Furthermore, we also evidence a “nano effect” on XPS analysis 

which exalts the extreme surface chemistry, specific to the < 10 nm size of DND. 
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2. Materials and Methods 

2.1. Nanodiamond Powder 

Detonation nanodiamonds (DND) were purchased from Adamas Nanotechnologies 

(ND5nmN, carboxylated, Raleigh, NC, USA). This initial particle will be referred here as 

“initial DND”. TEM observations allowed the measurement of the Feret diameter con-

sidering 170 particles; it was centered around 6 nm. 

2.2. Annealing under Vacuum 

Annealing treatments of DND were realized in a tubular furnace of Carbolite Gero 

company (Sheffield, UK). A quartz tube was filled with 60 mg of initial ND in the center 

and inserted in the middle of the furnace. The tube was connected to a primary pumping 

(≈ 10−3 mbar). Vacuum was achieved and maintained for 10 min before any annealing 

treatment to favor the desorption of water and impurities. Annealing was then per-

formed at temperatures from 800 to 1100 °C for 4 h while maintaining pumping. The 

temperature ramp for heating was maintained around 70 °C/min.  

2.3. Annealing under Argon 

Annealing under argon atmosphere (99.9997% purity) was realized with the same 

equipment at atmospheric pressure. The tube was connected to argon with a 20 SCCM 

flux. The tube was first heated to 300 °C for 20 min to allow the desorption of water and 

impurities to avoid a pre-pumping step. Annealing was then performed at temperatures 

from 800 to 950 °C for 4 h. Temperatures were controlled with a type K thermocouple 

introduced in the furnace. The measured accuracy on expected temperatures was ± 1.5 

°C. The temperature ramp for the heating periods was maintained at around 70 °C/min. 

2.4. Homogenization of Annealed DND in Water 

To allow their analysis in a reproducible manner, the DND were homogenized in 

water just after annealing. Annealed powders were collected in a 15 mL plastic tube and 

3 mL of ultrapure water (18.2 MΩ.cm) were added. Homogenization of the powder was 

obtained by a sonication step of 30 min with a 1 s on/off period and an amplitude of 60% 

(Cup Horn Bioblock Scientific 750 W, equipped with a cooling system, Ill-

kirch-Graffenstaden, France). 

2.5. Fourier Transform Infrared (FTIR) Measurements 

Infrared spectra were recorded with a Bruker Vertex 70 spectrometer equipped with 

a diamond ATR system (Billerica, Massachusetts, USA). A measure of 2 μL of DND in 

water were deposited and dried on the ATR crystal (MIRacle, PIKE Technologies, 

Fitchburg, WI, USA) before analysis. Acquisition represents the average of 64 scans rec-

orded with a 4 cm−1 resolution at room temperature and ambient atmosphere with a ni-

trogen-cooled MCT detector. A break was applied in the 2280–2400 cm−1 region to avoid 

the contribution of atmospheric CO2 absorption bands. A baseline correction was applied 

for analyses of DND annealed at 900 and 950 °C under vacuum. 

2.6. X-Ray Photoelectron Spectroscopy (XPS) Analysis 

A measure of 10 μL of DND in water was deposited on a silicon substrate covered 

by a gold coating made by evaporation to limit the charge phenomenon during analysis. 

The substrates were dried and then analyzed. XPS measurements were performed on a 

Kratos Analytical Axis Ultra DLD spectrometer equipped with a monochromated Al Kα 

(1486.6 eV) X-ray source and a charge compensation system (Manchester, UK). The 

take-off angle was set at 90° relative to the sample surface. Spectra were acquired at a 

pass energy of 160 eV for the survey, 40 eV for core levels (O 1s, N 1s, C 1s, Zr 3d). C 1s 

spectra shown in this study were acquired at 10 eV to reach a higher energy resolution. 
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Binding energies were referenced to the Au4f7/2 peak located at 84 eV. After the back-

ground subtraction by a Shirley correction, a curve fitting procedure was carried out to 

extract the components of the C1s core level using Voigt functions with a Lorentzian to 

Gaussian ratio of 30%. For the component of sp2 carbon, an asymmetry factor was added. 

2.7. Raman Analysis 

Raman spectra were recorded with a Horiba Xplora spectrometer equipped with a 

532 nm laser with a 0.79 mW power (Kyoto, Japan). 10 μL of DND in water were depos-

ited on a silicon substrate and dried. Each spectrum is the average of 3 acquisitions real-

ized at different positions on the substrate. The acquisition time is one minute, cumulated 

10 times.  

2.8. Thermogravimetric Analysis (TGA)  

TGA measurements under vacuum and argon atmosphere were realized with a 

Netzsch STA 449 C (Selb, Germany). An alumina crucible filled with about 3 mg of initial 

particles was used for each analysis. Analysis was performed from 23 to 1100 °C with a 20 

°C/min heating and a 20 mL/min argon flux. 

2.9. High-Resolution Transmission Electron Microscopy (HR-TEM) Observations 

Transmission electron microscopy (TEM) was performed on a Thermo Fisher Scien-

tific™ G3 Titan Themis 300 transmission electron microscope (C-Twin objective lens: Cs = 

2.7 mm, Cc = 2.7 mm, Focal length = 3.5 mm, Waltham, MA, USA) operating at 300 kV 

accelerating voltage. Prior to the observation, the DND were deposited on a 3 mm di-

ameter copper grid covered with a holey carbon film. To analyze the impact of the an-

nealing conditions on the morphological and structural characteristics of the samples, 

HR-TEM observations were performed at 520.000× magnification for different defocus 

values using low dose mode on a Falcon3 EC 4k/4k Direct Detection Electron (DDE) 

camera. In order to best preserve samples from electron beam irradiation during image 

acquisition, a total electron dose of 25 e–/Å2 was used for a limited exposure time of 1 s. 

3. Results 

Thermogravimetric analysis (TGA) was first performed on initial DND under argon 

atmosphere at atmospheric pressure to determine the desorption thresholds of adsorbed 

water and oxygen functional groups (Figure 1). As expected, two main mass drops can be 

observed, well evidenced by the derivative function. The first one, which corresponds to 

the release of free, loosely, and tightly bound water [35], occurs between 100 °C and 

200 °C, while the second mass drop, located between 500 °C and 700 °C, corresponds to 

carbon-oxygen function removal at DND surface [35]. Beyond 800°C, the decrease of the 

desorption rate points out that most of the carbon-oxygen functions should have been 

removed. This temperature then appears a pertinent one for starting our annealing 

thermal range.  
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Figure 1. TGA spectra of initial DND annealed under argon atmosphere (black) and TGA deriva-

tive curve (red). 

DND were then annealed in a tubular furnace during 4 h at 800, 850, 900 and 950 °C, 

under vacuum or argon atmospheres to monitor the surface modifications. Annealed 

samples were resuspended in water and a sonication step was realized to break and 

separate the biggest agglomerates. Each sample was then characterized by FTIR, XPS, 

Raman, and HR-TEM to probe and compare their inner and surface chemistry, their 

carbon hybridization, and their crystallographic structure and morphology.  

The evolution of FTIR spectra from the initial DND to the annealed samples is de-

picted on Figure 2. For all samples, bands located at 3250 cm−1 and 1630 cm−1 due to O-H 

stretching and O-H scissor bending modes may be partially or totally related to the 

presence of water molecules since ATR measurements were performed under air at am-

bient temperature.  
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Figure 2. FTIR spectra of initial and annealed DND from 800 °C to 950 °C for both atmospheres. 

The spectrum of the initial DND is characterized by a prominent C=O carboxylic 

stretching band at 1780 cm−1 accompanied with another pronounced band around 

1120 cm−1 related to single bounded carbon-oxygen groups such as etheric or alcoholic 

functions. This is in agreement with the specifications given by the DND manufacturer 

(ADAMAS), i.e., oxidized surface. The peak at 1630 cm−1 is assigned to O-H scissor 

bending frequency, which corresponds to hydroxyl groups involved in the carboxylic 

functions and atmospheric water. It can be noticed that there is no clear visible sign of 

C-H stretching modes around 2800−2900 cm−1 [36].  

For DND annealed under vacuum, the C=O stretching band was red-shifted to 

1720 cm−1, in closer agreement with the ketones and aldehydes wavenumber range [36] 

associated with a progressive reduction of its area along with the raise of the annealing 

temperature. At the same time, alcoholic and etheric related bands around 1120 cm−1 are 

still present, with reduced intensities, and vanish at 950 °C. Annealing under vacuum 

also brings interesting new features on the FTIR spectra. Already present at 800 °C as a 

shoulder, a new band appeared around 1580 cm−1 and is clearly visible at 900 °C. This 
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band was previously assigned to C=C bonds from benzene structures, which appeared 

after vacuum annealing realized at 750 °C [37,38]. Nevertheless, another assignment was 

proposed by Petit et al. and Stehlik et al., who linked this band to red-shifted OH bending 

modes related to specific water interaction with the hydrophobic surface of the hydro-

genated DND [38,39]. The origin of this band will be further discussed. For all samples 

annealed under vacuum, we also noticed an intensity increase of C-H stretching modes. 

At 800 °C and 850 °C, these bands are located at 2945 and 2879 cm−1. Surprisingly, these 

C-H stretching modes exactly correspond to C-H signatures of DND voluntary hydro-

genated either by annealing or plasma treatments under H2, as reported in literature [40]. 

However, for annealing temperatures higher than 900 °C, these bands underwent a 

red-shift to 2922 and 2852 cm−1. 

For samples annealed under argon atmosphere, a similar evolution versus the tem-

perature can be seen with a strong reduction of C=O and C-O bands up to an almost 

complete removal of C=O stretching band at 1720 cm−1. Here as well, C-H stretching 

bands appear from 800 °C (Figure 2), with a more balanced ratio between CH3 (2945 and 

2879 cm−1) and CH2 (2922 and 2852 cm−1) asymmetric and symmetric stretching modes 

from 800 °C to 950 °C. For these particles, the band at 1580 cm−1 becomes prominent from 

800 °C. This is a significant difference compared to vacuum atmosphere.  

Modifications of carbon hybridization induced by DND annealing were then probed 

by Raman spectroscopy (Figure 3).  

 

Figure 3. Raman spectra of initial and annealed DND from 800 °C to 950 °C for both atmospheres. 

The excitation wavelength was 532 nm. 
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On the spectrum of initial DND, the first order peak of diamond, corresponding to 

the DND’ core, lies at 1329 cm−1. It is red-shifted compared to bulk diamond due to the 

nanometric size of DND [41,42]. A broad peak centered around 1610 cm−1, usually named 

G-band, is in fact the superposition of at least three components (sp2 carbon 1590 cm−1, 

OH- bending 1640 cm−1, C=O- stretching 1740 cm−1) [40,42]. This G band is exalted in 

visible Raman analysis due to the intense scattering of sp2 bonded carbons compared to 

sp3 ones, by a factor of 50 [43]. On these initial DND, the D band corresponding to dis-

ordered carbon expected at 1340 cm−1 looks weak. The shape of the baseline also evi-

dences a noticeable photoluminescence background arising from the sample. For vacu-

um, at the first annealing temperature, the diamond peak is still distinguishable but be-

comes no more visible for higher temperature treatment, being concealed in the D band 

at 1340 cm−1 that corresponds to disordered carbon. The contribution of oxidized func-

tions is lowered in aid of the G band that can clearly be seen with a maximum at 1596 

cm−1. Under argon atmosphere, a similar evolution can be observed versus annealing 

temperature. The diamond peak remains detectable at 1329 cm−1 up to 850 °C. To con-

clude, for both atmospheres, beyond 850 °C, Raman spectroscopy performed with a 

green excitation reveals that a signature of a disordered carbon material has completely 

replaced the initial one. At the same time, we also noticed a vanishing of the photolu-

minescence background on these annealed samples.  

To investigate the annealing consequences on atomic concentrations of each element 

present in the DND and on the carbon binding states, XPS analysis was performed on 

initial and annealed DND. A typical wide spectrum is shown on Figure 4a. The 4f peaks 

of gold originate from the substrate (see experimental part). In addition to photoemission 

peaks of carbon, nitrogen, and oxygen, the XPS analysis revealed the presence of zirco-

nium. The corresponding atomic concentration is between 0.6 and 0.9 at. %. The binding 

energy of Zr 3d doublet corresponds to zirconium oxide [44]. Its origin is probably re-

lated to the deagglomeration milling process applied to DND that used zirconium oxide 

beads [45]. Therefore, the oxygen atomic concentrations provided in the following were 

corrected from the contribution of zirconium oxide assuming a stoichiometric zirconium 

oxide (ZrO2). 

For the initial DND, the oxygen and nitrogen atomic concentrations were 9.3 and 1.9 

at. %, respectively (Table 1). Oxygen arises from the different functional groups initially 

present at DND surface and from remaining adsorbed water, as shown by FTIR (Figure 

2). The main nitrogen contribution measured by XPS is related to nitrogen atoms incor-

porated into the DND core during the detonation synthesis [46]. This is in agreement 

with literature where nitrogen concentrations up to 6 at. % were measured by XPS for 

DND of different origins [47].  
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Figure 4. a) Wide XPS spectrum; b) typical C1s core level spectrum with fitting: DND after an-

nealing at 950 °C under argon atmosphere; evolution of the six different components at C1s for in-

itial and DND annealed under c) vacuum and d) argon atmospheres. 

For DND annealed under vacuum, the oxygen concentration drops from 9.3 to 5.7 at. 

% after the first annealing at 800°C. This appears to be in agreement with the TGA anal-

ysis (Figure 1) and FTIR spectroscopy (Figure 2). Then, the oxygen concentration remains 

almost stable for higher annealing temperatures (Table 1). This will be further discussed. 

For nitrogen, a decrease from 1.9 to 1.3 at. % is obtained. Similar trends are measured for 

DND annealed under argon atmosphere, especially for nitrogen. Moreover, an even 

lower oxygen atomic concentration seems to be reached at high temperatures (3.6–4.0 

at. %). 

Table 1. Oxygen and nitrogen atomic concentrations determined by XPS for initial and annealed 

DND for both atmospheres. The uncertainty on concentration is estimated to ± 0.5 at %. 

 Temperature °C Oxygen at. % Nitrogen at. % 

Initial  9.3 1.9 

Vacuum 

800 5.7 1.6 

850 5.3 1.3 

900 6.1 1.2 

950 5.2 1.3 

Argon 

800 5.1 1.5 

850 3.6 1.5 

900 5.0 1.4 

950 4.0 1.3 
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In order to gain further insights into the carbon chemistry of annealed DND, sys-

tematic deconvolution of the C1s core levels of each sample was performed. A typical C1s 

core level spectrum is presented on Figure 4b. Other fitted C1s core levels are provided in 

Supplementary Materials (Figure S1). It corresponds to DND annealed at 950°C under 

argon. After a background Shirley correction, different components have been consid-

ered to fit this spectrum. The sp3 carbon one at 285.4 eV was taken as reference, reflecting 

intrinsic diamond. The component related to sp2 carbon is downshifted at -1 eV [48]. Its 

asymmetry, linked to its conductor character, was taken into account in the fit (Figure 

4b). With an upshift of +1 eV from sp3 carbon, a third component is assigned to take into 

account all carbon atoms not linked to an oxygen atom. This includes sp3 C–C neighbor-

ing structural defects commonly present in detonation ND, carbon partially saturated 

with hydrogen (at the surface and in the core of the particle) and carbon bounded to a 

nitrogen atom [31,48]. Components assigned to ether (C–O–C), C=O, and carboxyl 

(COOH) bonds are also present at higher binding energies, located, respectively, at +1.9, 

+3 and +4 eV from sp3 carbon [49]. All C1s spectra were fitted using these six components. 

Percentages of total carbon for each component are reported on Figure 4c, d for both 

annealing atmospheres. On initial DND, the component related to defective sp3 C–C, CHx 

and C-N bonds represents 53% of the total carbon at C1s. Components linked to car-

bon-oxygen bonds are also preeminent, all together at 37%. The sp3-C contribution is 

weak (6%) while a small sp2-C is detected (3.5%). 

Whatever the annealing atmosphere, the C1s spectrum undergoes strong modifica-

tions after the first annealing at 800 °C. Indeed, the contributions of C–O–C, C=O, and 

COOH bonds drop from 37% to 9% (argon) and 13% (vacuum) of total carbon. Consid-

ering the stoichiometry of the different carbon-oxygen groups, this decrease is in good 

agreement with the decrease of the oxygen atomic concentration (Table 1) and FTIR ob-

servations, considering that adsorbed water may also participate to the oxygen content. 

The sp3-C contribution arises (40−41%) and the component assigned to defects, CHx and 

C-N bonds is reduced (42% and 46% for vacuum and argon, respectively) though a slight 

increase of sp2-C is measured (4.5%). A reorganization of the C–C bonds seems to occur, 

which is more likely due to surface desorption of carbon-oxygen functions but can also be 

explained by a migration of vacancies contained in the diamond core up to the surface, as 

it is well known in the field of NV centers synthesis for such temperature [50].  

For vacuum annealing, the sp2-C part is increasing to 7.5% at 850°C, whereas it rises 

to 30% at 900 °C. Regarding the part of defects, CHx and C-N bonds is further reduced to 

35% and 26%, respectively. The sp3-C contribution represents the major part of carbon at 

45% for 850 °C while it decreases to 32% at 900 °C. At higher temperatures, the sp2-C and 

sp3-C are, respectively, 24 and 29%. The component assigned to defects, CHx and C-N 

bonds is 30%. 

Looking at C1s spectra, DND annealed under argon atmosphere underwent less 

modification for comparable temperatures. More specifically, a different trend for sp2-C 

versus temperature is observed. Indeed, this contribution remains low at 6% below 900 

°C. The part of sp2-C finally rises to 15% at 950 °C. The part of defects, CHx and C–N 

bonds decreases from 48% to 40−41%.  

HR-TEM images were recorded to observe the impact of the annealing treatments 

on the DND morphology and crystalline structure (Figure 5). From the images, we can 

observe that the individual particles exhibit predominantly quasi-spherical shapes with 

diameters ranging from 2 nm to 8 nm, with a mean size of 6 nm. For the observed DND, 

different focalizations (Δf range between −70 nm to -90 nm) near the extended Scherzer 

defocus (|1.2 × ΔfScherzer| = 87.5 nm) were used on the same DND to maximize the 

phase contrast of a weak-phase object and resolution at the periphery of DND [51]. An 

example is presented in Figure 5d for a DND annealed at 800 °C under vacuum. Indeed, 

near the extended Scherzer defocus (inset), the diamond (111) planes are observed, ex-

tending to the particle borders. Among DND annealed at 950 °C under the same atmos-

phere, if a part is affected by phase contrast (Figure 5e), other DND exhibit modified 
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outer shells (Figure 5f). According to HR-TEM investigations, the crystalline diamond 

core of DND is preserved, whatever the annealing temperature for both atmospheres. 

The observed modifications (Figure 5f) only affect the first outer shells for the highest 

temperature under vacuum.  

 

Figure 5. HR-TEM images of DND: a), b), and c) initial particles; d) 800 °C 4h; e) and f) 950 °C 4 h. 

Images recorded near to Scherzer defocus are provided into insets. 

4. Discussion 

In the present study, chemical, structural, and morphological characterizations are 

combined to provide an accurate monitoring of the modifications underwent by detona-

tion nanodiamonds during their annealing under a non-reactive atmosphere, i.e., vac-

uum or argon, from 800 °C up to 950 °C. Our aim was to reveal how the superficial 

chemistry of DND evolves at the early stages of graphitization and before their trans-

formation into OLC, with particular attention given to the nature of the surface termina-

tions and carbon hybridization. This work exhibited a noticeable difference between both 

atmospheres of annealing, which will be discussed below.  

We started our experiments with particles presenting an oxidized surface, as evi-

denced by the prominent carboxyl band in FTIR and the XPS atomic percentage of oxy-

gen reaching almost 10 at. %. In both conditions, from 800 °C, annealing induced a strong 

modification of the oxidized terminations, revealed by the XPS atomic percentage of 

oxygen brought down to roughly 5 at. % and the noticeable reduction and/or shift of the 

carbon-oxygen related IR absorption peaks. This remaining oxygen at the surface of our 

treated DND after annealing at 950 °C has to be discussed. Two options can be consid-

ered: (i) the impossibility to desorb certain kinds of carbon-oxygen groups even at 950 °C 

under vacuum or argon or (ii) a post-treatment spontaneous re-oxidation of the surface 

when exposed to air and/or dispersed in water. In the former case, persistence of car-

bon-oxygen functions above 800 °C will be only possible for carbonyl groups according 

to the literature [35,52]. This could explain the remaining of C=O stretching band at 

1720 cm−1 visible on FTIR spectra of vacuum annealed samples. Note that this band van-

ishes while the annealing temperature is increasing. Concerning single-bounded car-

bon-oxygen groups revealed by FTIR and XPS C1s core levels, their presence would ra-

ther be linked to a spontaneous re-oxidation of the annealed DND surface when being in 

contact with air atmosphere/water. Spontaneous interactions between diamond surface 

and water molecules were probed by HREELS [53]. Depending on the diamond surface 
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chemistry, these investigations reveal the formation of C–O and C=O bonds for a 

non-hydrogenated diamond. Such re-oxidation mechanism may also arise from the reac-

tivity of sp2-C generated during annealing towards water molecules as suggested by XAS 

experiments [54]. This oxygen can also result from the reaction of ambient oxygen with 

defective graphitic structures generated during annealing on the DND surface [25]. 

Still concerning the surface terminations, our study emphasizes the creation of CHx 

aliphatic bounds when DND are treated under vacuum or argon, as evidenced by infra-

red spectroscopy. Such CHx are not detected by FTIR for initial DND in the same analysis 

conditions. It must be underlined here that IR spectroscopy probes the whole nanoparti-

cle; therefore, we cannot discriminate if CHx are created on or within the DND. Whatever 

its location, the origin of this hydrogen must be discussed. The creation of C–H bonds 

requires a hydrogen-rich atmosphere surrounding DND during the treatment or during 

the cooling down of the particles. We observed quite similar C–H stretching signatures 

(location and relative intensities) for both atmospheres, while they have been performed 

in dynamic primary vacuum at 10−3 mbar or under atmospheric pressure with a flow of 

argon at 20 sccm. Therefore, hydrogen coming from the degradation of desorbed func-

tions (hydroxyls, carboxyl) and remaining in the vicinity of the particle is unlikely to be 

the only origin of the phenomenon. The hypothesis of hydrogen coming from the DND 

would appear more realistic, as the presence of such trapped hydrogen in the DND core 

was revealed previously by isotopic studies [55]. Indeed, hydrogen content in the range 

of 4 to 10 mg/g was measured by elemental analysis in DND of different origins [56] and 

shown to be kept inside the particle up to 750 °C [18]. The exodiffusion of hydrogen from 

the DND core was strengthened by a previous TDMS study performed on annealed 

DND. Hydrogen release was detected starting at 800 °C and raising up to 1000 °C [57]. To 

resume, we suggest here that the annealing of DND (at least from 800 °C) is accompanied 

by a thermodesorption of hydrogen initially trapped in the core, which induces the crea-

tion of CHx functions through a catalytic pathway already described elsewhere [58].  

Nevertheless, we observed a modification of C–H stretching bands according to the 

temperature treatment, which follows the same trend for primary vacuum and argon 

atmosphere. At 800 °C, the C-H stretching modes look similar to those obtained after a H2 

annealing or plasma treatment [59], with two intense peaks centered at 2945 and 

2879 cm−1. The nanodiamond literature reports two possibilities to attribute these peaks. 

Cheng and coworkers attributed these 2945 and 2879 cm−1 peaks to C(110):H and 

C(100):H, respectively, even on 5 nm detonation nanodiamonds [40]. In the meantime, 

several papers [60,61] since the pioneering one of Jiang et al. in 1996 [62] have described 

the doublet located at 2950 and 2871 cm−1 to the asymmetric and symmetric stretching 

vibrations of CH3 groups. Progressively, as the temperature of annealing raises, the 

2922 and 2852 cm−1 bands become prominent, while the 2950 and 2871 cm−1 structures 

remain visible but less intense. This would mean a transition between CH3 to CH2 groups 

according to Jiang’s papers, which should be driven by the annealing temperature and 

the concomitant reconstruction of the nanodiamond surface while isolated graphitic 

structures cover the particle. On the other hand, this evolution may also be due to an 

evolution of mean diameter of the particles probed, towards smaller sizes, if we consider 

the work of Cheng and coworkers. However, considering our HR-TEM observations, the 

diameters of annealed DND do not seem to be reduced, which rules out this hypothesis.  

The infrared analysis puts also into light the apparition of a large band ranging from 

1620 to 1550 cm−1 and centered around 1580 cm−1 with the annealing procedure, whatever 

the atmosphere. A part of this area (1620−1590 cm−1) can be attributed to red-shifted OH 

bending modes related to specific water interaction with hydrophobic surface, which 

could be the case here, as our DND surface seems to become hydrogenated and may ex-

hibit some graphitic carbon at its surface [39,63]. However, this specific OH bending 

mode should be accompanied with an OH stretching mode between 3620 and 3690 cm−1 

also specific to hydrophobic surfaces [38], which is not visible in our spectra. Further-

more, to check if adsorbed water could be responsible for that band, annealed DND were 
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suspended in D2O; this band was still detected (Figure S2) despite the expected isotopic 

shift of OD band. Therefore, despite hydrogen and sp2 carbon on their surface, our 

treated DND do not seem to exhibit clear hydrophobic behavior. Still in the same area, 

another contribution may concern vinyl C=C bounds (around 1580 cm−1) [64,65]. How-

ever, if this band is related to C=C bonds, and by extension to graphitic reconstructions, 

XPS data does not support the infrared analysis since this band at 1580 cm−1 is prominent 

for samples annealed under argon and weaker for those annealed under vacuum, while 

higher sp2-C content was evidenced on C1s core levels of vacuum annealed samples. In 

the meantime, quantification on infrared absorption spectrum remains hazardous.  

Thermal treatments are expected to lead to the creation of graphitic carbon on DND. 

In this study, Raman spectroscopy was initially used to reveal this evolution of the sp3 

carbon to sp2 carbon. Here, what is shown by Raman spectroscopy is mainly the loss of 

the first order diamond peak which is hidden by the D band, most related to disordered 

carbon. However, HR-TEM images performed on the same samples confirm that the 

diamond core is preserved, even for the highest temperature. Indeed, at this excitation 

wavelength of 532 nm, the scattering of “graphitic” carbons (D and G bands) is exalted 

compared to diamond, by a factor of 50 [43]. This is a good illustration of the difficulty to 

use such green excitation to probe nanodiamond structure by Raman spectroscopy, es-

pecially when annealing treatments are considered [42]. 

XPS analysis provides a quantitative study of the graphitization. From 3.5% of the 

overall carbon probed on initial DND, this proportion of sp2-hybridized carbon went up 

to 15 and 30% for annealing performed under argon and vacuum, respectively. We ob-

serve with this technique the first noticeable difference induced by the atmosphere. Note 

that annealing temperatures over the experimental range (800–950 °C) were checked in 

situ using an additional thermocouple, and comparable values were measured, whatever 

the atmosphere. In our study, vacuum annealing definitely induces more sp2-hybridized 

carbon in this temperature range than the same treatment realized at atmospheric pres-

sure under an inert atmosphere. The cause of this observation is most probably related to 

the reactivity of the carbon dangling bonds at low pressure. Now, if we look deeper in the 

values of created sp2-hybridized carbon provided by XPS, the maximum of 30% may 

suggest a thick graphic layer surrounding DND. However, HR-TEM images do not evi-

dence such structures, revealing only very peripheral modifications of the DND, even at 

950 °C. This can be explained by a “nano” effect that should be taken into consideration 

in our XPS analysis. Due to geometrical consideration and when the radius of the particle 

approaches the inelastic mean free path of electrons (≈ 2 nm in diamond [66]), well de-

scribed by Baer and Engelhard [67,68], a 2.5-fold enhancement of the carbon signal 

coming from the first 0.5 nm of a ≈ 5 nm nanoparticle occurs. Therefore, in our case, if we 

consider that sp2 carbon is located at the extreme surface of DND as seen in HR-TEM, this 

ratio of 30% can be reduced to 12%, which roughly represents one layer of carbon atoms 

at the surface of a ≈ 5 nm nanoparticle. The thickness of sp2 layer estimated from HR-TEM 

images is included between 0.45 and 0.58 nm. This corrected amount of sp2-hybridized 

carbon is more in agreement with our HR-TEM observations, considering that for a 

≈ 5 nm diamond particle, 15% of carbon atoms are located at the surface [69]. This ob-

servation was confirmed by an additional thermal treatment we performed under vac-

uum at 1100 °C. On this sample, HR-TEM clearly exhibits the formation of more orga-

nized graphitic structures at the extreme surface of DND (Figure S3), but still limited to a 

monolayer. In agreement, sp2-hybridized carbon component of the C1s core level spec-

trum remains around 30% (Figure S4). However, we noticed a down-shift of the 

sp2-hybridized carbon component with respect to the sp3 C–C diamond up to −1.3 eV. 

This down-shift may reflect the higher degree of organization of this graphitic structure 

as seen on HR-TEM images. Note that this exaltation of the sp2-hybridized carbon also 

occurs for initial and low-temperature annealed DND. This means that less than 1% of 

sp2-hybridized is present on initial particles, in full agreement with HR-TEM images. 
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XPS analysis provides complementary information about the crystalline structure of 

treated nanodiamonds. Initially, the component related to sp3 C–C neighboring structural 

defects, carbon partially saturated with hydrogen and carbon bounded to a nitrogen 

atom counts for more than half of the C1s total area (53%). At the same time, the com-

ponent relative to the sp3 C–C diamond type only represents 6% of the total carbon 

probed. After annealing at 800 or 850°C, according to the atmosphere, a reorganization of 

the C–C sp3 bonds seems to occur, as the latter component grows up to more than 40% of 

the C1s core level, while the former is notably reduced. It is well known in the field of NV 

(nitrogen vacancy) center synthesis that annealing above 750 °C leads to a migration of 

vacancies contained in the nanodiamond core to meet nitrogen atoms to form NV centers, 

while some vacancies are released to the surface [50]. The raise of the sp3 C-C diamond 

type component from 6 to 41% may be explained by this effect, i.e., due to the “healing” 

of the core defects. Such an effect was evidenced by electron paramagnetic resonance 

(EPR) with a reduced density of spins, by a factor of two, for DND annealed at 600 °C 

compared to initial particles [34]. This is assigned to a reduction of dangling bonds in the 

sp3 diamond core. At the same time, the second component initially linked to these de-

fects is progressively replaced by the reconstructed surface, left by the desorption of the 

oxygen-related groups at the surface of the particle. Note that part of these evolutions 

may be exalted by the “nano effect” as explained above for superficial carbon bounds. In 

our experiments, we also noticed that sp3 C–C diamond component, related to the core of 

the DND, is reduced from 45 to 29% when high temperatures are reached, partly re-

placed by sp2-hybridized carbon component and sp3 C–C neighboring structural defects. 

In this temperature range, some carbon atoms from the diamond core underwent struc-

tural modifications, leading to more defects in the diamond lattice. The HR-TEM images 

of the additional experiments at 1100 °C in vacuum (Figure S3) illustrate this hybrid 

structure with a diamond core surrounded with defective layers and covered with a 

more organized sp2 layer, exhibiting a cubic symmetry as shown by the FFT presented on 

Figure S5). 

5. Conclusions 

An accurate control of the early stages of DND graphitization is desirable to further 

exploit the outstanding properties of the nanodiamonds in the fields of energy science 

and nanomedicine [16], or towards efficient functionalization [18]. In the present work, 

DND from Adamas Nanotechnology were annealed in the 800–950 °C range under two 

atmospheres in the same set-up: vacuum at 10−3 mbar or argon flow at atmospheric 

pressure. The effects of thermal treatments on DND surface chemistry, crystallinity, and 

carbon hybridization were investigated via complementary techniques (FTIR, Raman, 

XPS, and HR-TEM).  

In the 800–950 °C range, a very progressive formation of sp2-hybridized carbon was 

evidenced and quantified by XPS and appeared to be more efficient for DND annealed 

under vacuum (up to 30% of the total carbon) than under argon at atmospheric pressure. 

Taking into account the nano-effect reported in XPS for 5–6 nm particles [69], the highest 

sp2 amount obtained in this study corresponds to a monolayer, in fair agreement with the 

HR-TEM images. Therefore, by adjusting the temperature within this range of tempera-

tures, we showed that it is possible to finely tune the DND surface chemistry into a hy-

brid structure presenting sp2 and sp3 carbons at its surface. Note that pushing the treat-

ment up to 1100°C under vacuum does not increase the amount of sp2-hybridized carbon 

but gives rise to a better-organized aromatic structure. We also evidenced by XPS the 

“self-healing” of the defects initially present in the DND cores when they are exposed to 

800 °C (or above). Another point of high interest revealed here is the systematic appear-

ance of C-H stretching bands in all annealed samples, whatever the atmosphere. The 

exodiffusion of hydrogen from the diamond core and the subsequent creation of aliphatic 

C-H bonds are the most probable origins of this effect.  
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In summary, our study provides a fine characterization of the early stages of graph-

itization of DND. Our results emphasize that within the 800−1100 °C range and for this 

source of nanodiamonds, it is possible to finely control the amount and the crystallinity 

of sp2-hybridized carbon at the periphery of DND mainly from the first outer-shell, while 

the coexistence of C-H functions cannot be avoided. It may be of interest to investigate 

these early stages of graphitization on other DND sources to better define how these re-

sults are particle dependent. 
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images of DND annealed at 1100 °C under vacuum, Figure S4: Fitted XPS C1s core level of DNDs 

annealed at 1100°C under vacuum and associated values, Figure S5: HR-TEM images and FFT for 

as received DND and DND annealed under vacuum at 950 °C and 1100 °C. 
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