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Abstract

Achieving highly-purified surface of nanodiamonds of calibrated size is of great interest 

considering the wide range of applications requiring a perfect control for maximizing their 

properties and resulting performances. However, the existing purification methods involving 

strong acids and oxidants suffer from a lack of selectivity since they can attack the 

nanodiamonds and add new contaminants to the sample. In this work, a highly-selective gas-

phase approach which combines two halogen gases (chlorine and fluorine) is successfully 

developed. First, a treatment under elemental chlorine at 650 °C for 1 h is able to remove all 
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the inorganic impurities except silica. The second step consists of a thermal treatment under 

elemental fluorine (at 520 °C for 12 h) which is shown to eliminate both silica and surface 

impurities (disorganized sp2 layers, the oxygen- and hydrogen-containing functional groups) 

of size-calibrated detonation nanodiamonds. The resulting cleaned diamond surface is covered 

by carbon-fluorine bonds, only. An in-depth investigation by several complementary 

techniques including in-situ characterizations allows determining the chemical reactions 

playing the major role for the manifest highly efficient impurity removal. Formation of 

fluorinated gases such as HF, CF4, C2F6 is evidenced along with that of silicon fluorides such 

as SiF4. The role of fluorine as stabilizing (“passivating”) agent of the surface is proposed by 

analogy with fluorinated diamane. These detonation nanodiamonds with an ultra-pure surface 

show a remarkable thermal stability with a combustion temperature upshifted up to 225 °C 

compared to the raw detonation nanodiamonds. These findings open the way to extend broadly 

the use of detonation nanodiamonds for applications in harsh reaction conditions for which 

most of the nanomaterials are strongly limited.

1 Introduction

Synthesis of nanodiamonds produced by detonation, the so-called detonation nanodiamonds 

(DNDs), was reported for the first time in the 1960s. Unique through their structure, shape and 

properties, DNDs are of great interest since they possess a calibrated size around 4-5 nm and 

they can be synthesized in large quantities. They have the potential to be used in a myriad of 

applications thanks to their versatility regarding surface chemistry modification and their 

thermal and chemical stability: supercapacitors, heat transfer fluids, bioapplications like 

imaging, neutron science, lubricants 1–12. DNDs contain several kinds of impurities in different 

respective contents located i) inside the sp3 diamond core of DNDs and ii) in the near-surface 

region of DNDs in between the DND particles embedded in agglomerates they naturally form. 

i) During the ultrafast detonation synthesis, a limited fraction of nitrogen originating from 
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nitrogen-rich explosives (e.g. trinitrotoluene (TNT), hexogen (RDX)) becomes incorporated 

substitutionally into the diamond sp³ core of DNDs, forming isolated paramagnetic centers 

(PCs) of different types localized within the nanodiamond particles. Even with a low 

concentration around 0.4–2.0 at. %), these internal DND impurities are of great interest since 

they induce peculiar optical properties and their impact to the other properties to exploit is 

negligible. This is the reason why, when a purification method is applied to DNDs, their 

removal is usually not desired and their accessibility is as well dramatically limited. ii) the non-

internal impurities are of several types including inorganic impurities mainly based on SiO2, 

Cr- or/and Fe-based nanoparticles, poorly-graphitized sp2 layer functionalized with oxygenated 

and hydrogenated surface groups. 3,11,13–17 Regardless of their nature, each of these external 

impurities located at the external surface of DND can negatively impact the targeted property 

to be exploited for further designing DND-based added-value materials or devices. It is widely 

recognized that the resulting intrinsic variability of DND severely limits the possibility of 

precisely controlling and tuning DND properties. As a consequence, at the current stage, a 

reliable transfer of the DNDs to practical applications for new technologies remains far below 

the possibilities demonstrated at the laboratory scale.

For the purpose of improving their purity, many chemical treatments used to purify other 

carbon nanomaterials have been already applied to DNDs. Liquid-based purification methods 

using chromic acid and sulfuric acid 18, HNO3 19,20, H2SO4 14, HF/HNO3 14. Much recent 

approaches use strong complexing agent 18 or microwaves 21 to remove inorganic impurities. 

Gas-phase methods have been as well proposed by using ozone 22 or simply by thermal 

oxidation 14,23. The effectiveness of these treatments remains debated and several limitations 

appear. Indeed, according to Dolmatov et al., nitric acid only removed 10 to 15 wt.% of metallic 

impurities and only 5-7 wt.% of non-diamond carbons 18. Conversely, the work by Pichot et al. 

showed that a treatment with H2SO4 of a soot containing 17 wt.% of impurities led to a residual 
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level of inorganic impurity in DND of approximatively 6 wt.% and 1 wt.% by using an 

HF/HNO3 mixture 14. In addition, most of the reagents used to remove the impurities from 

DND samples, such as CrO3, K2Cr2O7, KMnO4, HClO4 and HF, are corrosive, carcinogenic or 

harmful to the environment. In brief, the limitations of the existing purifying methods are 

several. i) Their implementation involves toxic chemicals and produce pollutants difficult to 

neutralize. ii) The used harsh acid and oxidation conditions forbid to achieve a good control of 

the surface chemistry and a high degree of selectivity often leading to damage the DND 

structure and lessen their properties. iii) Such approaches fail to eliminate the DND inorganic 

impurities, like SiO2, being stable in acids and under oxidant atmospheres. 

Interestingly, halogen molecules like Cl2 or F2, far less investigated for carbon nanomaterial 

treatment than the above-mentioned oxidants, have however shown a high reaction selectivity 

when studied separately. Such selectivity is highly demanded to overcome the current 

bottleneck in the field of DND purification. Despite both being halogens, they differently 

behave towards carbon species having different hybridizations and inorganic impurities. Cl2, 

non-reactive towards sp2 carbon contrary to F2, has been reported to allow a process of 

sublimation of metallic impurities by chlorination for a facile and efficient purification of 

carbon nanotubes (CNTs), without damaging them 24–28. Purification of DNDs by Cl2 has 

however been overlooked so far. The sole work found on chlorination of NDs with the aim of 

eliminating metallic impurities only includes quantification of Al, Si, Cr, Fe and Cu by X-ray 

fluorescence spectroscopy without providing any analysis about the possible involved reaction 

mechanism or the effect of the chlorination treatment on the DND surface, morphology or other 

properties 29. In the literature, fluorination of DND samples occurs between 150 and 470 °C 

under a mixture of fluorine and hydrogen gases in a 3:1 ratio 30,31, or with pure elemental F2 

gas at 350-500 °C during 12 h under isobaric conditions 11,32–34. The fluorination of DNDs or 

their reaction with F2, has been used for around twenty years to modify their surface chemistry, 
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their optical or electronic properties 31,35,36. Reactivity of fluorine is highly favored towards sp2 

hybridized carbons compared to sp3 hybridized ones. Purifying DNDs was reported by using 

elemental fluorine, F2 11,37, F2/H2 mixture 31,36, SF4 or by SF6 plasma treatments 38. Oxygenated 

groups and C-H bonds were then replaced by C-F bonds or CF2 groups 39, leading to an increase 

in hydrophobicity of the outcome fluorinated NDs and, consequently, a reduction in adsorption 

of water molecules. Such fluorine driven properties were exploited for the calculation of the 

neutron reflectivity leading to enhanced properties of these fluorinated NDs 11,39–42. The impact 

of the F2 pressure has not been reported so far. To the best of our knowledge, neither a 

comparative study of the effect of temperature under pure F2 atmosphere nor an in-situ 

investigation of the resulting fluoride gases has already been reported. 

The present work is originated from the novel idea to combine the effects of chlorine and 

fluorine treatments, merging that way the two fields of research on carbon nanomaterials: 

fluorine chemistry and chlorine chemistry, unconnected so far. We anticipated to produce 

highly purified DNDs in a selective manner by following this strategy. Apart from assessing 

the yield of efficiency, the work conducted here entirely takes into account the manifest lack 

of knowledge regarding the mechanisms involved in chemical reactivity of DNDs with each of 

the two used halogens. In the following, the fluorination mechanism is deeply investigated by 

a well-controlled and complementary approach including: i) to follow both the pressure and 

temperature of F2 gas under a FTIR study, ii) to analyze the gas phases by means of in-situ 

FTIR and iii) to study the influence of F2 on the metal impurities within DND samples and on 

the DND nanoparticles themselves. Added to the in-depth study of DND fluorination reaction, 

chlorination and their combination were investigated thanks to a set of complementary 

characterization, e.g. thermogravimetric analysis (TGA), transmission electron microscopy 

(TEM), Fourier transform infrared spectroscopy (FTIR in ATR mode), in situ gas phase 

analysis or by CO adsorption, electron paramagnetic resonance (EPR), solid state nuclear 
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magnetic resonance (NMR) as well as N2 and H2O adsorption techniques. The chemical 

reaction mechanisms for DND reactions with both halogen treatments are proposed. For the 

purpose of maximizing purification of DNDs including removal of both inorganic and surface 

impurities (sp2 layers and functional groups), they have first been thermally treated separately 

under chlorine or fluorine. After having elucidating the involved chemical mechanisms via a 

robust comprehensive study, the found optimized conditions for each treatment have been 

applied to DNDs for the Cl2/F2 combined proposed method leading to produce highly-cleaned 

DNDs without any external impurities, whatever their nature: inorganic, organic or carbon-

based.

2 Experimental Section

2.1 Materials

Detonation nanodiamonds – The DNDs were synthesized using a 60/40 mixture of 

trinitrotoluene (TNT)/ cyclotrimethylenetrinitramine (hexogen or RDX), and washed multiple 

times by acids, in accordance with the TY 2-037-677-94 technical regulation. The used DND 

sample was provided by the All-Russian Scientific Research Institute of Experimental Physics 

— Russian Federal Nuclear Center (RFNC-VNIIF) institute based in Snezhinsk, Russia. From 

the supplier’s information, the as-produced DNDs have a mean diameter of 4-5 nm. The DND 

sample was used as-received: no deagglomeration treatment was applied before use.

Sodium hydroxide (VWR International, purity 99 %) was used as a neutralizing agent for 

chlorination experiments. 

2.2 Sample preparation

Chlorination – A bottle of gaseous Cl2 supplied by AirLiquide was used (Cl2 purity > 99.5%, 

H2O < 40 ppm, NCl3 < 20 ppm). The experimental setup, placed under a fume hood, 
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schematized in Figure 1, consisted of a tubular furnace equipped with a one-meter-long quartz 

tube (diameter 30 mm); the DND powder (around 150 mg) first placed in a quartz boat (10 cm 

long and 1 cm wide) was placed at the center of this tubular furnace. At its ends, pierced rubber 

plugs were fixed in order to connect this tube to the gas inlet and to three bottles containing 

NaOH (17 wt.%) arranged in series to neutralize unreacted Cl2. Between the furnace and these 

three bottles, a so-called guard bottle (empty) prevented possible reflux of NaOH into the oven. 

The bottles were connected together by phthalate-free polyvinylchloride (PVC) tubes. Before 

the experiments, a purge under N2 (flowrate of 100 mL/min) was initiated in order to replace 

the air from atmosphere for 30 min. Then, the oven was heated (temperature rate of 10 °C/min 

until) the desired temperature and this temperature was maintained for 1 h. The sample was 

then cooled naturally under N2 (flowrate of 100 mL/min). The Cl2 and N2 flowrates were 

controlled by BROOKS® instrument SLA5800 mass flow meters, with a SERV’ 

instrumentation model 0151 control interface.

Figure 1 Scheme of the set-up used for the chlorination treatments applied to DNDs.
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Fluorination – The fluorination reaction occurred at several temperatures but always with 1 

bar of pure elemental fluorine for 12 h at 25, 100, 400, 485 and 520 °C. The full details were 

described in previous works 11,32. For the FTIR analysis performed in situ, fluorination was 

performed during 60 min, at room temperature (RT), 200, 390 and 520 °C (Figure 2).

The procedure implemented for pressure measurements during DND fluorination was the 

following: once primary vacuum was applied (10-3 mbar, i.e. -1 bar in relative pressure), F2 gas 

was injected with a gas flux of 150 mL/min. At the same moment temperature was increased. 

Then the flow of pure fluorine was stopped when a total pressure of 1 bar was reached (return 

to 0 bar in relative pressure). The pressure in the reactor was here measured from the beginning 

of the experiment until its stabilization, at 520 °C, by means of a dedicated set-up described in 

previous work 11,32–34.

Figure 2 Flowchart illustrating the fluorination conditions applied to the DND samples for the 

in-situ gas phase experiment. RT stand for room temperature, while the different conditions 

and gases used are represented by different colors: the temperatures used in static conditions 

(closed reactor) are in light grey and those in dynamic conditions (reactor opened towards the 

soda lime trap) are in orange. N2 and F2 gases are respectively in blue and pink.
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Table 1 gathers the list of the samples studied with the applied treatments and the experimental 

conditions used.

Table 1 List of the treated samples along with the experimental conditions used and their 

corresponding name. For all the treatments under chlorine, the Cl2 flowrate was 20 mL/min 

and the treatment duration was 1 h. For all the treatment under air, a pump was used to 

continuously supply the system with air. For all the treatments under fluorine, the pressure was 

1 bar and the treatment duration 12 h.

Chemical treatment and experimental 
conditionsTreatment nature Sample name

First treatment Second treatment
Cl-500-DND Cl2, 500 °C No
Cl-600-DND Cl2, 600 °C No
Cl-650-DND Cl2, 650 °C No
Cl-700-DND Cl2, 700 °C No
Cl-800-DND Cl2, 800 °C No

Chlorination

Cl-900-DND Cl2, 900 °C No
Oxidation O-DND air, 600 °C No

O-Cl-650-DND Cl2, 650 °C air, 600 °C
O-Cl-700-DND Cl2, 700 °C air, 600 °C
O-Cl-800-DND Cl2, 800 °C air, 600 °C

Chlorination and 
oxidation

O-Cl-900-DND Cl2, 900 °C air, 600 °C
F-RT-DND F2, RT No

F-RTx2-DND F2, RT F2, RT
F-100- DND F2, 100 °C No

F-100x2-DND F2, 100 °C F2, 100 °C
F-400-DND F2, 400 °C No
F-485-DND F2, 485 °C No

Fluorination

F-520-DND F2, 520 °C No
Fluorination and 

oxidation O-F-520-DND F2, 520 °C air, 600 °C

Chlorination and 
fluorination F-Cl-DND Cl2, 650 °C F2, 520 °C

2.3 Characterization

TGA analysis was performed with a Setaram Setsys evolution 1750. The raw or treated DND 

powder (around 20 mg) was placed in an alumina crucible and transferred in the TGA chamber 
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10

which was first purged from the atmosphere air under a dry air stream (flowrate 20 mL/min) 

during 1 h. The temperature program followed a raising ramp of 5 °C/min from RT to 900 °C 

with an air flowrate of 20 mL/min, while the temperature decreasing at 20 °C/min under the 

same flowrate. In the used conditions, the precision of the TGA measurements determined from 

repeatability tests was of  0.8 wt.%. 

Nitrogen adsorption isotherms were measured at -196 °C (77 K) using a Micromeritics 

ASAP 2020 automatic apparatus. Before measurements, DND and F-DND samples were pre-

treated under secondary vacuum at 150 °C for 3 h for sufficient removal of adsorbed impurities. 

A second outgassing step was done for 2 h on the analysis port after free-space calibration with 

He.

Water adsorption/desorption isotherms were measured at 25 °C on the same equipment with 

90 °C for 1 h and 150 °C for 3 h as degassing conditions. 

CO adsorption followed by infrared spectroscopy

DND and F-520-DND were first pelletized using a hydraulic press (1 to 2 tons pressure). The 

10-60 mg pellets were then placed in an IR cell, fitted with a quartz or CaF2 window. They are 

pre-treated in-situ overnight at 300 °C under nitrogen flow (approx. 100 mL/min). The cell is 

cooled to -173.15 °C (100 K) with liquid nitrogen, and a reference spectrum is recorded using 

a Nicolet iS50spectrometer. Doses of CO are then introduced from a given volume (V = 0.4125 

cm3) at a known CO pressure (from 5 to 200 mbar) until saturation, obtained by subjecting the 

samples to a CO pressure of 1 mbar at equilibrium. After introduction of each dose, an IR 

spectrum is recorded with a resolution of 4 cm-1 and 64 scans for wavenumbers between 1100 

and 4000 cm-1. Each spectrum is then subtracted from the reference spectrum and normalized 

to a sample mass of 25 mg.

Transmission electron microscopy (TEM) was performed with a JEOL JEM-ARM 200F 

Cold FEG apparatus equipped with a spherical aberration (Cs) probe corrector working at an 
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11

accelerating voltage of 200 kV. High angle annular dark field (HAADF) and bright field (BF) 

images were performed in scanning transmission electron microscopy (STEM) mode. X-maps 

were recorded on a Jeol spectrometer (SDD, Jeol DRY SD 30 GV).

Electron paramagnetic resonance (EPR) was carried out using a X band Bruker EMX 

spectrometer operating at 9.85 GHz. Spectra were recorded at room-temperature under air and 

vacuum with a 21.73 mW microwave power after checking the linearity of the intensity/square 

root of power curve in the 0.22/108.9 mW range, i.e. to check the non-saturation whatever the 

power. Only the relative changes of the spin densities are discussed by comparison with the 

raw DNDs. For such aim, integrated signals are considered.

Infrared spectroscopy

FTIR spectrometer NICOLET 5700 (Thermo Electron) was used to record IR spectra using 

both ATR and transmission modes. 100 scans with 4 cm-1 resolution were collected to acquire 

each spectrum between 4000 and 400 cm-1. The single-reflection ATR accessory (Thermo 

Scientific Smart Orbit) is working with a durable diamond crystal (type IIa Diamond tungsten 

carbide mounted in stainless steel with a refractive index of 2.4 and an incident angle of 58°) 

and a swivel pressure tower that ensured consistent pressure from sample to sample. The active 

sample area was 1.5 mm2. A wide spectral range (10000 to below 200 cm-1) and good depth of 

penetration (DP of 2.03 µm at 1000 cm-1) were then reached. In-line Infrared spectra were 

collected during the fluorination of DNDs with a Nicolet Summit FTIR spectrometer (Thermo 

scientific) equipped with a MercuryTM gas cell (10 cm cell path, CaF2 windows) coupled with 

the passivated nickel reactor. Spectra were recorded in the 1000 – 4000 cm-1 range with a 4 

cm-1 resolution and 16 scans.

Solid state nuclear magnetic resonance (NMR) experiments were carried using a Bruker 

Avance spectrometer with operating frequency of 300.1, 282.2 and 75.4 MHz for 1H, 19F 

and 13C nuclei, respectively. A simple sequence (τ-acquisition) was used with a single π/2 pulse 
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12

length of 3.5 μs for 1H and 13C nuclei with magic angle spinning (MAS) and a recycle time of 

5 and 25 s. For 19F MAS spectra, the π/2 pulse duration was 5.5 μs and the recycle time was 

equal to 3 s. 1H → 13C and 19F → 13C cross-polarization (CP) spectra were also measured 

when 1H and 19F nuclei were present in significant amounts. 19F chemical shifts were 

referenced to CFCl3. Tetramethylsilane (TMS) is the reference for both 1H and 13C chemical 

shifts. The fits were performed by using Lorentzian functions on the Origin software.

3 Results

As previously mentioned, DND samples contain various kinds of impurities. Except low 

density paramagnetic internal defects that can be valuable for specific properties, most of them 

are located outside and on the surface of the nanodiamond particles. In this work, raw DNDs, 

naturally in the form of agglomerates or chaplets of several hundreds of nm in size 13, have 

been thermally treated under chlorine or/and fluorine gases without any prior deagglomeration 

process applied. The purification approach is based on a two-step halogen-based sequential 

process aiming at removing all the external and surface impurities contained in DNDs. In the 

following, the experimental conditions have been optimized thanks to structural and chemical 

in-depth investigations of the treated DNDs after having undergone each of the halogen-based 

chemical treatment.

3.1 Quasi-complete elimination of inorganic impurities from DNDs by chlorine

To achieve an efficient purification yield of DNDs by chlorine, three experimental parameters 

have been optimized: duration of chlorination, flowrate of chlorine and temperature at which 

the sample was led under the chlorine stream. For sake of clarity, the optimization of the 

duration and flowrate of chlorine are described in Supplementary Information, Figures S1 and 

S2, respectively. The best conditions found were a chlorine flowrate of 20 mL/min and a 

duration of 1 h. In the following, keeping these two conditions fixed, the impact of temperature 
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(varied from 500 to 900 °C) on the Cl2-based purification efficiency is investigated by means 

of TGA and FTIR analyses.

Thermogram profiles of carbon nanomaterials from TGA under air are commonly used to 

assess efficiency of purification methods. Two different parameters can be analyzed: i) the 

remaining non-burnt inorganic residues, to minimize and ii) the combustion temperature of the 

carbon species, to maximize. Indeed, the metallic based impurities have catalysis properties 

towards combustion of carbon materials, their removal leads to a stabilization of the purified 

materials against oxidation which means that their combustion temperature increases 24,26. 

Figure 3a shows the thermograms of the raw and the DND samples having been submitted to 

chlorine at 500, 600, 650, 700, 800 and 900 °C for 1 h (with a Cl2 flowrate of 20 mL/min). For 

the raw DND sample, a dehydration phenomenon leading to a weak decrease in weight appears 

around 100 °C (insert Figure 3a). A gain in mass is observed from 300 to 425 °C, corresponding 

to an oxidation of the metal-based impurities. Neither dehydration nor metal oxidation is 

observed for the treated DND samples. In the 450-600 °C range, for all the samples, their 

weight strongly decreases due to the burn off of the DNDs. For the raw DNDs, the remaining 

weight is of 3.5  0.8 wt.% of residues. With a treatment higher than 500 °C, the residue content 

is decreased down to around 1 wt.%; it is of 2.4  0.8 wt.% for Cl-500-DND (Figure 3b and its 

insert). After being treated by Cl2, the content of inorganic impurities was significantly reduced 
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and it falls below the limit of detection (LOD) of TGA (typically below 1.5-1.0 wt.%) which 

forbids the purification assessment from the parameter i) 43. 

Figure 3 a) Thermograms under dry air of raw and treated DNDs under Cl2 atmosphere for 1 

h at 20 mL/min from 500 to 900 °C; insert: zoom in of low weight variation domain. b) Zoom 

in of the thermograms in the high temperature domain; insert: remaining weights after DND 

combustion. c) dTG representation of the thermograms of (a).
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Regarding the second parameter ii), the combustion temperature of the Cl2-treated DNDs is 

gradually upshifted with the increase in treatment temperature (Figures 3a-3c). The 

thermograms of all treated samples show two different combustion rates: a rapid phenomenon 

noticeable by a sharp peak and a much slower one exhibiting a broader signal, in the derivative 

representation (Figure 3c). For the purpose of clarifying the mechanisms involved in the 

thermal treatment of DNDs under dry air, the shape of DND thermograms has been modeled 

by the four behaviors possibly observable for DNDs heated under dry air by TGA: dehydration, 

metal oxidation, a rapid and slow combustion process (Supplementary Information, Figure S3). 

From this analysis, it was put into evidence that these two combustion processes behave 

independently. The temperature of the rapid combustion is upshifted from 485 to 599 °C when 

DNDs were treated under Cl2 from 500 to 900 °C. The slow combustion temperature upshifts 

and reaches around 550 °C for Cl-650-DND when chlorination temperature varies from 500 to 

900 °C. Obviously, the temperature used for the treatment under chlorine has a greater impact 

on the rapid combustion process. Such rapid combustion of DNDs from TGA measurements 

was already observed in reported thermograms of DNDs; unfortunately, it was not commented 

or analyzed 44. The proportion of the DND sample concerned by this rapid combustion is very 

small, around 2 wt.%, whatever the sample (raw or treated). The corresponding carbonaceous 

species are probably the thin sp2 carbon layers surrounding the DND diamond core which 

undergoes a graphitization process with the rise of treatment temperature, inducing its 

stabilization under air and the observed upshift of its combustion temperature. The main part 

of the raw and chlorine-treated DND samples burnt off with a slower rate. 

FTIR spectroscopy is another commonly used technique to assess efficiency of 

purification 45. FTIR is here particularly powerful since it is sensitive to both inorganic and 

carbon species. Prior to the FTIR analysis, the inorganic impurities were concentrated by 
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applying a selective combustion of the treated DND samples thanks to a simple method we 

have developed previously 13. From the FTIR spectrum of the outcome ashes of DND raw 

sample (O-DND), Si, Cr and Fe were identified as the main impurities in raw DNDs under the 

form of silicon oxide SiO2 and a mixture of pristine chromium (III) oxide Cr2O3 and a solid 

solution of Cr2-xFexO3 (Figure 4a). The FTIR spectra of the oxidized Cl2-treated DND samples 

(O-Cl-DND series), after being chlorinated in the 650 – 900 °C range, show a drastic decrease 

in intensity of both chromium- and iron-based impurities. Only the vibrations assigned to 

silicon oxide are still detected without significant difference in intensity regardless of the 

temperature used for DND treatment under Cl2. No other metal based (oxide or chloride) or 

inorganic compound are noticeable in the FTIR spectra of the O-Cl-DND series.

The effect of the chlorine treatment to the functional groups present on DND surface was as 

well investigated. Figure 4b shows the FTIR spectra of DND before and after chlorination. The 

FTIR spectra of the Cl2-treated DNDs are quite similar whatever the chlorination temperature, 

but they are drastically modified compared to the starting DNDs. In the 900-1400 cm-1 range, 

the features of the Cl2-treated DNDs are broader than those of the as-received sample and two 

new bands appear at 1200 and 1273 cm-1. They are attributable to N-based bonds 46, becoming 

detectable after the purification treatment. In the low spectral region, below 800 cm-1, FTIR 

spectra appear much more flattened after chlorination. Vibrations of -OH (2900-3500 cm-1) 

and -CH (2850 and 2950 cm-1) well noticeable for the raw DNDs are not detected for the Cl-

DND series any more. Presence of very weak C-H and OH bands in the spectra of Cl-650-

DND and Cl-900-DND is due to the ethanol used to clean the spectrometer. Carbonyl (C=O) 

and ether (C-O-C) functional groups are as well observed around 1730 cm-1 and in the 1000 - 

1200 cm-1 spectral domain, respectively.
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Figure 4 a) FTIR spectra of the raw and the chlorinated DNDs after their selective combustion 

by the SC-DND method. The samples are named O-DND for the ashes of raw DND, O-Cl-

650-DND, O-Cl-700-DND, O-Cl-800-DND and O-Cl-900-DND for the ashes of the DND 

samples treated under Cl2 at 650, 700, 800, 900 °C (Cl-DND series), respectively. Cr2O3 and 

α-Fe2O3 species are represented by green diamonds and brown spades, respectively. b) FTIR 

spectra of DND and Cl-DND series at temperatures ranging from 500 to 900 °C. 

To summarize, the Cl2 treatment allows to remove the hydrogenated and hydroxyl 

functional groups from DND putting into evidence an efficient surface cleaning by heating the 

sample under Cl2 in the temperature range used. Moreover, heating DNDs under chlorine at 

650 °C at a Cl2 flowrate of 20 mL/min for 1 h has led to the best experimental conditions with 

a maximum of purification efficiency evidenced by both TGA (showing as well a combustion 

temperature upshift of around 50 °C) and FTIR which shows that only SiO2 remain in Cl-650-

DND, all other functional groups and inorganic impurities having been removed by 

chlorination. 

3.2 Clarifying the chemical mechanisms involved in fluorination of DNDs

3.2.1 Unveiling anomalous behavior of F2 pressure during fluorination of DNDs towards 

elimination of various types of DND impurities
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Regarding the reactivity of DNDs with F2, the sp3 hybridized carbon atoms within DNDs are 

expected to poorly react with F2. Conversely, even if they bear defects, the chemical reactivity 

of F2 with the disordered sp2 shells surrounding the DND diamond core is expected to be much 

more favored 47. FTIR features of DNDs submitted to a fluorination treatment at temperatures 

ranging from RT to 520 °C are strongly altered even when the reaction with F2 occurs at RT 

(Figure 5a), putting into evidence the high reactivity of DND surface with F2 and its exothermic 

character (Supplementary Information, Figure S4). At high wavenumbers, the bands of 

hydroxyl functional groups (3000-3600 cm-1) disappear, putting into evidence that these groups 

were clearly removed from the DND surface, like observed for the chlorinated DNDs. In the 

800 – 2000 cm-1 range, the band of sp3 C in the C-C bonds of diamond type (1344 cm-1), i.e. 

of the diamond core, is much more pronounced for all the fluorinated DNDs.

In the low fluorination temperature range, at RT and 100 °C, the samples have been submitted 

either to one (F-RT-DND and F-100-DND) or two successive reactions with F2 (F-RTx2-DND 

and F-100x2-DND). These two successive fluorinations guarantee the completion of the 

reaction. For all these low-temperature fluorinated DNDs, two sharp vibration bands of C-F 

bonds assigned to CxFy(s) groups at 1244 and 1220 cm-1 from fluorine grafted onto the sp2 DND 

shell appear. These CxFy(s) groups have to be differentiated from F grafted to the diamond core 

referred to as C-F. Additional bands at 992 and 963 cm-1 are as well observed for F-RTx2-

DND, F-100-DND and F-100x2-DND. According to the literature, -CF3 and -CF2 bands from 

linear fluorocarbons are localized in the 1235-1250 cm-1 48–50 and 1220-1225 cm-1 ranges 48–52, 

respectively. Vibration bands of C-C bonds belonging to the cyclic backbone of fluorocarbons 

(ring motions) are predicted in the 850-1000 cm-1 area, even though some linear conformers of 

fluorocarbon compounds can also exhibit coupled C-C/C-F vibration modes around 850-1000 

cm-1 53,54. Consequently, the observed vibrations attributed to CxFy (s) compounds are related to 

-CF3 (1244 cm-1) and -CF2 (1220 cm-1) groups of linear fluorocarbons while the bands at 992 
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and 963 cm-1 indicate the presence of cyclic fluorocarbon species at low fluorination 

temperature.  

Interestingly, when the reaction of fluorination is conducted at a much higher temperature 

(>400 °C), the vibration bands of CxFy(s) are no longer present in the FTIR spectra of F-DND 

samples. This implies that these compounds were totally volatilized as gaseous species during 

the fluorination. Addition of F2 molecules to the CxFy(s) species results in their decomposition 

when fluorination occurs in the high temperature domain, typically higher than 400 °C.

With the aim of elucidating the origin of the observed strong modification of the surface 

chemistry of DND through fluorination when temperature increases, the pressure was 

measured during reaction of DNDs with F2 in a closed reactor as a function of time during 

temperature raising from RT to 520 °C (Figure 5b). For this experiment, after air pumping until 

-1 bar (relative pressure) to remove air and moisture after reactor closure, F2 was then injected 

in the closed reactor, where the raw DND powder had been placed, to reach 1 bar of F2 inside 

the reactor (corresponds to 0 bar in Figure 5b). This F2 introduction induces the expected 

gradually increase in pressure in the reactor until around 840 s (14 min). At this step, the 

temperature was of 350 °C. The shutting down of F2 injection can be noticed on the curve by 

an expected decrease in pressure and a plateau. A few minutes later (at 400 °C, 1000 s), since 

the temperature was still increasing, the pressure increased as well (due to the ideal gas law). 

At around 485 °C, the pressure dropped suddenly and significantly of 0.2 around bar (1345 s). 

Next, the F2 pressure increases slowly to stabilize around 4000 s, when temperature reached 

520 °C and the fluorination completed.

The reaction was thoroughly stopped at different stages/temperatures of interest during the 

reaction of DNDs under fluorine in the high temperature domain 400 – 520 °C to prepare: i) F-

400-DND at 400 °C; ii) another sample (F-485-DND* and F-485-DND**) separated in two 

parts (corresponding to two slightly different aspects of color noticed by naked eyes) of DNDs 
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fluorinated at 485 °C, prepared by fluorination at a temperature as close as possible to the 

anomalous pressure event noticed around 485 °C ; iii) F-520-DND fluorinated at 520 °C. The 

corresponding FTIR spectra (Figure 5a) show the vibrations of CxFy(s) compounds around 1230 

cm-1 when fluorination temperature in below 485 °C (with very weak intensity at 400 °C), 

while above 485 °C, CxFy(s) are no longer present, indicating their complete elimination from 

F-DND surface.

Figure 5 a) FTIR spectra of DND fluorinated at temperatures ranging from RT to 520 °C; b) 

Fluorine pressure (in bar) represented as function of time (in seconds). For visibility purpose, 

the samples F-400-DND, F-485-DND and F-520-DND are represented by red, blue and pink 

arrows, respectively, in both panels.
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The conducted ex situ FTIR investigation combined with the pressure measurements when 

temperature increases during fluorination of DND powder allows to propose the following 

fluorination mechanism: i) at quite low temperature range, including RT, DNDs and especially 

their surrounding sp2 shells are expected to be very reactive towards fluorine. The consumed 

F2 by the reaction of fluorination is balanced by F2 gas introduction leading to the observed 

pressure increase at the beginning of the reaction. When F2 injection is stopped, the rise in 

pressure slows down; ii) when the temperature reaches 485 °C, fluorocarbon species on the 

DND surface are totally decomposed. This process suddenly leads to a new cleaned and fresh 

DND surface accessible for reaction with F2 molecules, allowing further covalent grafting of 

fluorine over a short period of time. The resulting rapid impoverishment of F2 in the reactor is 

believed to be at the origin of the observed drop down in pressure and the anomalous pressure 

event revealed here. iii) Temperature rise continuing, release of the newly formed 

fluorocarbons induces the observed increase in pressure inside the reactor until its stabilization 

once the DND surface is stabilized with only C-F bonds. 

Complementarily to the ex-situ FTIR study of the fluorinated DNDs described above, with the 

aim of identifying the nature of the fluorocarbon species (CxFy) formed during fluorination, in-

situ FTIR analysis of the gas emitted during the fluorination reaction was conducted under 

different conditions. The FTIR spectrum of the fluorination reaction performed at RT after 50 

minutes is shown in Figure 6 (time-resolved FTIR spectra are shown in Supplementary 

Information, Figure S5). Other experimental conditions have been as well investigated 

including, i) from 200 to 520 °C in static mode, ii) firstly at 200 and 390 °C in static condition 

then at 520 °C in dynamic condition (Supplementary Information, Figure S6). The FTIR 

spectrum of the emitted gas after 50 min of reaction between F2 and DNDs at RT shows the 
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presence of numerous species (Figure 6a). For sake of clarity, the complete FTIR spectrum is 

displayed into three magnified parts (Figures 6b – 6d). 

Figure 6 a) In-situ gas phase FTIR spectrum of DND after 50 min of fluorination at RT. The 

spectrum is divided in three magnified parts for sake of clarity: b) from 4300 to 3500 cm-1, c) 

from 2500 to 1600 cm-1 and d) from 1600 to 900 cm-1, represented respectfully in red, green 

and blue.

In the highest spectral domain (Figure 6b), the two observed series of vibration bands around 

3960 cm-1 are typical of the rotational transitions of hydrogen fluoride HF 55,56. HF is probably 

formed from the reaction between hydrogen-containing functions and F2. The detected HF 

positions are gathered in Supplementary Information, Table S1, in full agreement with the 

literature 55,56. Vibrational bands of CO2 are observed alongside the HF peaks for CO2 

combination bands (ν1 + ν3) at 3728 and 3704 cm-1 and (2ν2 + ν3) at 3626 and 3601 cm-1 57–59. 
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Only ν3 is visible in Figure 6c since ν1 is infrared inactive, and ν2 is located below 900 cm-1. 

During fluorination, released of CO2 adsorbed onto and within the sp2 layers surrounding the 

diamond core is favored by CxFy(s) formation since the sp2 layers are consumed. CO2 probably 

produces the formation of COF2 by interacting with F2, since its absorption bands are detected 

at 1956, 1928, 1252 and 1235 cm-1 60–62. Moreover, as discussed above, CxFy(s) tend to detach 

from DND and form diverse fluorocarbons CxFy(g) whose presence in the vicinity of DNDs 

could be detected by FTIR (Figures 6c and 6d): vibrations of CF4 48,63, C2F6 48,63 and C4F10 48,64. 

A majority of these fluorocarbons lead to strong vibrations in the range 1000-1400 cm-1 48,64.

Release of silicon fluoride compounds is as well detected (Figure 6c). In particular, SiF4 (1028 

cm-1), SiF3H (1005 and 990 cm-1) and SiF3CH3 (981 cm-1) 65–67. The favored removal of SiO2 

from DNDs by elemental fluorine, even at RT, is here clearly demonstrated in agreement with 

the widely known reactivity of HF or F2 with glass and silica. Release of fluorocarbons (CF4, 

C2F6, C4F10), hydrogen, carbonyl and silicon fluoride (HF, COF2 and SiF4) and fluorosilanes 

(SiF3H, SiF3CH3) is in agreement with additional experiences performed at higher temperatures 

in both static and dynamic conditions (Supplementary Information, Figures S5 and S6). 

3.2.2 Effect on paramagnetic centers contained within DND through fluorine treatment

With the objective to provide a comprehensive study on DND purification, and even if the 

paramagnetic centers (PCs) located in the DND core are not accessible to the chemical 

treatments, they were as well studied in this work by EPR and IR spectroscopy. Based on the 

literature on the analysis of DNDs, EPR is a powerful technique to discriminate between the 

location of the PCs since it is sensitive to the local order of materials (Supplementary 

Information, Section 2.3). The EPR spectra of raw DNDs and F-520-DND (fluorination at 520 

°C, optimized conditions) were recorded in air and under primary vacuum (10-3 mbar) (Figure 

7a). They both adopt a typical quasi-Lorentzian profile with a g-factor of 2.004 (3450 G) from 
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the so-called N0 (P1) or dangling bonds (DBs), where a g-factor of 2.003 is expected 68,69. When 

O2 is present in its surrounding medium, the EPR signal of the fluorinated DNDs is only slightly 

modified whereas that of raw DNDs is significantly decreased of 21 % (straight line in Figure 

7a, see also the insert showing the integrated area of the signals). Paramagnetic O2 molecules 

quench the signal of PCs close to the surface, i.e. at distance for O2-PC magnetic interactions. 

The percentage of losses when the spectrum is recorded in air can be used to directly quantify 

the percentage of PCs located close to the surface, i.e. 21 % in raw DNDs. The efficient removal 

of PCs close to the surface by fluorination is responsible for its non-sensitivity to the 

surrounding medium.

The peak-to-peak linewidth ΔHpp of F-520-DND signal is lower than that of the raw DNDs 

(Figure 7b). The modification of the surrounding medium has a significant impact on ΔHpp of 

the raw DNDs, which is 0.1 G wider from vacuum (dotted line) to air (straight line), while that 

of the fluorinated DNDs is hardly affected by the medium change. The observed broadening 

of the EPR spectrum is attributed to the presence of sp2-hybridized carbons since the hyperfine 

coupling with 19F nuclei (I=1/2) would result in an unresolved hyperfine broadening. 

Figure 7 a) EPR spectra and integrated area (insert) of DNDs and F-520-DND, b) the peak-

to-peak linewidth ΔHpp (in Gauss). The integrated area is obtained by the deconvolution of the 

spectra by SimFit software. c) IR spectra after adsorption of CO on DND and F-520-DND 

samples, with an inset showing a magnified view (x20) of F-520-DND spectrum. 
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In order to confirm the removal of surface structural defects, raw and fluorinated DND (F-520-

DND) samples have been studied by CO adsorption followed by Infra-red, usually used as 

probe molecule to characterize acidic properties (Brönsted and Lewis). CO adsorption could 

be characterized by various bands, respectively between 2160 and 2240 cm-1for Lewis acidity, 

and in the range 2150-2180 m-1 for the Brönsted acidity [5, 11]. Figure 7c displays the FTIR 

spectra of DND and F-520-DND after CO adsorption. DND spectrum (black line) show bands 

at 2185 cm-1, around 2165 cm-1 and at 2151 cm-1, corresponding to coordinatively unsaturated 

sites (cus) with various strength of Lewis acidity. Since diamond is composed of saturated 

carbons in an sp3 hybridization state, the observed CO bands can therefore be attributed to 

unsaturated sp²-hybridized carbons (with unoccupied 2p orbitals) that exist in different 

configurations or chemical environments. The band at 2185 cm-1 could be attributed to the 

higher strength of Lewis acidity followed by a site of middle strength at 2165 cm-1 and the 

lowest one at 2151 cm-1. The shoulder in the 2115-2135 cm-1 range could corresponds to 

physical CO adsorption 70,71. Since hydroxyls surface groups were detected earlier by IR 

spectroscopy (see Figure 5a), the 2150 cm-1 band could also corresponds to a CO---OH 

interactions as described in the literature 71–76. Then, this band could be ascribed to a CO 

adsorption site of low to medium acidic strength close to hydroxyl groups. 

After fluorination (F-520-DND), the band intensity of the Lewis strength region (2150-2200 

cm-1) decreased strongly compared to the non-fluorinated sample, corresponding to the 

disappearance of CO adsorption (cus ions or electronic deficiencies) due to fluorine grafting. 

This phenomenon is similar to the disappearance of DB and PC on the F-520-DND surface 

observed in the EPR spectrum (Figure 7a). It was shown 77,78 that surface-fluorinated catalysts, 

compared to oxides, exhibit: i) higher frequency of CO bands due to the inductive effects of 

the fluorinated environment (higher electronegative ions); ii) a decrease of intensity bands, 
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corresponding to the elimination of the acid sites. At first sight, no increase of the frequency is 

noted after the fluorination treatment of DND. 

The FTIR-CO characterizations of these materials (DND and F-520-DND) clearly confirms 

the complexity of the DND surface and its evolution depending on the treatment applied. 

Indeed, the presence of carbon in an unsaturated hybridization state is clearly evidenced. To 

the best of our knowledge, such study is reported here for the first time.

3.2.3 Dramatic modification of the chemical/surface properties of fluorinated DNDs 

Anticipating that the significant modification of the functional groups of the DNDs through 

fluorination, demonstrated by FTIR spectroscopy, can greatly impact DND surface properties, 

especially their hydrophobicity, raw and fluorinated DNDs (F-520-DND) were studied by both 

standard N2 physisorption at -196 °C (77 K) and as well by water adsorption at 25 °C (Figure 

8). Both samples show a shape typical of N2 adsorption on DNDs (Figure 8a) 79. The specific 

surface areas (SSAs) determined by the BET method (in the P/P0 range 0.1-0.3) of 283  7 

m2/g and 249  6 m2/g for DND and F-520-DND, respectively, fall in the usually reported 

range of SSA values (Table 2). The slight decrease in SSA after fluorination can be explained 

by a modification of the density of the fluorinated DND compared to raw DNDs since carbon 

atoms were replaced by heavier fluorine atoms in F-520-DND. In the low P/P0 range (see inset 

in log scale), the shift to higher relative pressure for the fluorinated DND samples suggest an 

enlargement of the micropores due to gasification of sp2 carbon upon reaction with F2  or the 

elimination of water molecules blocking the N2 diffusion  at the entrance of the porous mouths 

79. In the high-pressure domain (P/P0>0.9), the higher N2 uptake of F-520-DND suggests a 

broader mesopore (and macropore) size distribution, originating from a bigger interparticular 

DND porosity after F2 treatment. It leads to a higher pore volume as measured at P/P0 = 0.95, 
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with values of 0.82 ± 0.02 and 0.93 ± 0.02 cm3/g for DNDs and F-520-DND, respectively 

(Table 2). 

Figure 8 Gas adsorption on the DND before DND and after fluorination at 520 °C (F-520-

DND) a) N2 adsorption / desorption isotherms (-196 °C). Inset: magnification of low relative 

pressure region and b) water adsorption / desorption isotherms (25 °C) Insert: magnification of 

in the low relative pressure region.

Table 2 SSA and pore volume from N2 adsorption and pore volume from H2O adsorption on 

raw DNDs (DND) and fluorinated DND at 520 °C (F-520-DND).

N2 adsorption
(-196 °C)

H2O adsorption
(25 °C)

Sample SSA (m2/g) Pore volume (cm3/g) Pore volume (cm3/g)
DND 283  7 0.82 ± 0.02 0.71 ± 0.02

F-520-DND 249  6 0.93 ± 0.02 0.02 ± 0.01
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The DND and F-520-DND show a strongly different behavior when being submitted to H2O 

adsorption (Figure 8b). As expected, the raw DNDs show a specific hydrophilic character with 

strongly adsorbed water molecules coexisting with hydrophobic carbon porous features 80,81. 

This coexistence gives rise to a large water adsorption/desorption hysteresis observed in a 

relatively low relative pressure domain (P/P0<0.4). The measured pore volume of raw DND of 

(0.71 ± 0.02 cm3/g - determined at P/P0 =0.95 and with an adsorbed water density of 1.00 

g/cm3) is lower than that measured for N2 adsorption (0.82 ± 0.02 cm3/g) (Table 2). Like what 

it is observed for Metal Organic Framework bearing polar sites (metal-oxygen clusters) and 

large very non-polar regions (organic linkers) 82, water molecules may here preferentially 

adsorb onto the localized hydrophilic centers such as oxygen-containing functional groups. 

These latter serve as nucleation for the growth and coalescence of water clusters by avoiding 

adsorption in the pores around the sp2-carbon hydrophobic domains localized on the DND 

surface. The resulting pore volume probed by H2O is hence smaller than that probed by N2. 

After being fluorinated, the pore volume of F-520-DND is dramatically reduce down to 0.02 ± 

0.01 cm3/g due to the hydrophobic character of the numerous C-F type functions grafted on the 

DND surface. 

To summarize the above results regarding the reactivity of DNDs with F2, the combination of 

complementary techniques, among which some were applied to DNDs for the first time, e.g. 

CO adsorption studied by FTIR, demonstrates the efficiency of the gas/solid fluorination at 

relatively high temperature (520 °C) for elimination of a variety of species from DNDs. The 

ex-situ and in-situ investigations performed during fluorination of DNDs demonstrate the 

highly selective reactivity of elemental F2 towards different kinds of DND impurity including 

hydrogen/oxygen-containing functional groups, sp2 carbon shells and silica even at RT. 

Clearly, DND surface was cleaned of hydrogen- and oxygen-containing groups, sp2 carbon 
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shells, SiO2 and PCs at the vicinity of the DND surface while preserving the diamond core of 

DNDs.

As fluorination is the final step of the purification, it is of primary importance to investigate 

the stability of the C-F bonds. Samples freshly fluorinated and after 8 years are compared in 

Supplementary Information, Figures S7, S8 and S9 evidencing the maintaining of C-F bonds 

in such long period.

3.3 Combination of fluorine and chlorine for high-efficiency and complete purification 

of DNDs

3.3.1 Behavior of metal impurity of DNDs treated under fluorine alone

Iron being one of the main inorganic impurities in DND powders, Mössbauer spectroscopy, 

although usually not used to study DNDs, is a very relevant technique since it is able to finely 

probe the chemical environment of iron and helps to determine the iron-based species. It should 

be pointed out that the low amount of iron contained in DNDs forbids their investigation by X-

ray photoelectron spectroscopy (XPS). The Mössbauer spectrum of the raw DNDs (Figure 9a) 

has required a quite long exposure time, e.g. 2 months. It was well fitted with three doublets, 

indicating the presence of three different oxidation states of Fe in DND (Table 3). The observed 

isomeric shifts correspond to Fe(+III) with two different environments, δ observed at 0.21 and 

0.50 mm/s in agreement with the reported range of Fe(+III) ions between +0.1 and +0.6 mm/s 

and, one environment of Fe(+II) with a found δ of +1.15 mm/s, usually reported between +0.7 

and +1.5 mm/s 83. The Fe(+III) and Fe(+II) of the iron oxides present in DNDs contribute for 

87 and 13 % of the signal, respectively. After being fluorinated, the Mössbauer features of 

fluorinated DNDs, F-520-DND (Figure 9b) are strongly altered. Only one singlet with a 

chemical shift of +0.39 mm/s is observed for F-520-DND. It corresponds well to 

superparamagnetic FeF3 84–86. HAADF/STEM coupled with EDX spectroscopy elemental 

Page 29 of 49 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:5

0:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5TA08349D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta08349d


30

mappings was used to detect, localize and identify locally the iron-based impurities contained 

in F-520-DND (Supplementary Information, Figure S10). Iron and fluorine, in agreement with 

the FeF3 form, have been observed on the same zone, outside the DND agglomerates. Iron 

accessibility by F2 is probably favored leading to their facile fluorination.

Figure 9 Mössbauer spectra of (a) raw DNDs (DND) and (b) DNDs fluorinated for 12 h at 

520 °C (F-520-DND) 

Table 3 Hyperfine interactions (isomer shift (δ), quadripolar splitting (EQ) and full width at 

half maximum (Δ)) of the Mössbauer spectra of raw DNDs and F-520-DND (DNDs fluorinated 

for 12 h at 520 °C) samples, with indication of the Fe oxidation state (O.S.).

DND δ
 (mm/s)

EQ
(mm/s)

Δ
(mm/s) % O.S.

Site 1 doublet 0.21 0.70 0.50 57 Fe (+III)
Site 2 doublet 0.50 0.82 0.50 30 Fe (+III)
Site 3 doublet 1.15 2.66 0.40 13 Fe (+II)

F-520-DND singlet 0.39 - 0.70 100 Fe (+III)
δ = isomeric shift; EQ = quadripolar splitting; Δ = FWHM.

The above finding from Mössbauer analysis was of utmost importance to maximize efficiency 

of the developed unprecedented purification method. It became indeed obvious that if the F2 

treatment is applied first to raw DNDs, then iron-based impurities could not be eliminated since 

they are stabilized under the form of FeF3 having high thermal stability. This finding was as 
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well evidenced by FTIR analysis of the ashes remained after selective combustion13 of both F-

520-DND referred to as O-F-520-DND and Cl-F-DND referred to as O-Cl-F-DND 

(Supplementary Information, Figure S11). The FTIR spectra of O-F-520-DND and O-Cl-F-

DND show vibrations of fluorinated metallic compounds, and especially Fe-F bonds in 

agreement with the presence of FeF2 and/or FeF3 compounds, around 600 cm-1.87,88 Absence of 

Si-O vibration is as well noticed in both FTIR spectra of O-F-520-DND and O-Cl-F-DND, in 

agreement with the results from the in-situ FTIR study during fluorination (Supplementary 

Information, Figure S5). On the other hand, the FTIR spectrum of O-Cl-650-DND, resulting 

from selective combustion of Cl-650-DND, evidences the elimination of iron and chromium-

type impurities while silica is still present.

3.3.2 Combination of chlorine and fluorine sequential treatment applied to DNDs for 

their complete purification

Based on the above results, the sequential halogenation treatment applied to DND consisted on 

a chlorination followed by fluorination. DNDs have been then treated under the conditions 

optimized for both of the halogen-based treatments: i.e. 1 h under Cl2 at 650 °C with a Cl2 

flowrate of 20 mL/min (see section 3.1) and next under F2 for 12 h at 520 °C (see section 3.2). 

The outcome sample, F-Cl-DND (Cl-650-DND fluorinated) has been investigated by several 

complementary techniques and compared to previous samples (DND, Cl-650-DND and F-520-

DND) to assess both surface cleaning and inorganic impurity elimination.

First, solid-state MAS-NMR spectroscopy of 1H, 13C and 19F nuclei were performed on the four 

samples, DND, Cl-650-DND, F-520-DND and F-Cl-DND (Figure 10). For a better 

understanding of the spectra, 1H-13C and 13C-19F cross polarization MAS-NMR spectra were 

acquired as well (Figure 10c). From 1H MAS-NMR (Figure 10a), the signals of F-Cl-DND and 
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Cl-650-DND (closer to the spectrum of the empty rotor) are of very weak intensity compared 

with that of DND.

The 13C spectrum of DND consists mainly of the C diamond band (chemical shift at 35 ppm) 

with a shoulder at around 75 ppm relating to C-OH bonds 11,89,90 (Figure 10b). The presence of 

C-H bond at 50 ppm is expected since a signal was detected from 1H MAS-NMR. After 

chlorination is applied to DNDs, the corresponding 13C NMR spectrum is slightly modified 

with an additional shoulder to the C-H feature noticeable in the range 40-60 ppm. The band at 

140 ppm can be assigned to sp2 hybridized C bonded to another sp² C 89–91. When DNDs 

undergo a fluorination treatment, a shoulder at around 42 ppm relating to C-C-F bonds and the 

C-F band at around 88 ppm are observed, as expected 11,30. The spectrum of F-Cl-DND consists 

mainly of the C diamond band (35 ppm) with the C-C-F bonds shoulder (42 ppm) and the C-F 

bond (88 ppm). C-C-F means the first C with sp3 hybridization is in the neighboring of a C-F 

bond. The C-F signal exhibits a greater intensity in F-Cl-DND than in F-520-DND, meaning 

that chlorination of DND creates additional grafting sites for fluorine than in DNDs in the raw 

state. It should also be noted that the fluorination of Cl-650-DND removes completely the sp² 

C present on the sample since no signal around 140 ppm is detected for F-Cl-DND.

1H-13C CP MAS-NMR spectra of DND, Cl-650-DND and F-Cl-DND are shown in Figure 10c 

(no hydrogen detected F-520-DND). As expected, the 1H-13C CP MAS-NMR spectrum of 

DND is composed by the C diamond band (35 ppm), C-H bond (42 ppm) and C-OH bond (75 

ppm). In the case of Cl-650-ND, the 1H13C CP spectrum is much less defined than that of 

DND, however presence of C-H bonds belonging to C-OH bond is evidenced. This implies that 

chlorination removes partially hydrogenated groups on DND surface. The band observed 

between 50 and 60 ppm could be attributed to C-Cl bond according to Panich et al. 91. The 

1H13C CP spectrum of F-Cl-DND is noisy despite the long acquisition time used (8 h), 

revealing the presence of very few hydrogens in the sample contrary to raw DNDs. The 
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19F13C CP-MAS spectrum of F-Cl-DND resembles to that of F-520-DND (Figure 10c) and 

it shows solely of the C-C-F and C-F bands at 42 and 86 ppm, which is in agreement with the 

above investigations. Finally, the 19F spectrum (Figure 10d) of the F-Cl-DND is similar to that 

of F-520-DND, with the presence of C-F (-164 ppm) and Cex-sp2-F (-182 ppm) bonds coming 

from fluorination of C-H/C-OH and sp² C, respectively 11,30. CF2 groups, in a very small 

quantities, are also evidenced by the band observed at -100 ppm.

Figure 10 (a) 1H, (b) 13C, (c) CP 19F13C and CP 1H13C and (d) 19F MAS-NMR spectra of 

DND (raw DNDs), Cl-650-DND (DNDs chlorinated at 650 °C for 1 h with a Cl2 flowrate of 

20 mL/min), F-520-DND (DNDs fluorinated for 12 h at 520 °C), and F-Cl-DND (DNDs 

chlorinated at 650 °C for 1 h flowrate of 20 mL/min and fluorinated for 12 h at 520 °C). 

In addition of recording of MAS NMR spectra, a careful and rigorous fit of the 13C and 19F 

spectra (shown in Figure 10) allowed to quantify each specie/bond from their corresponding 

contributions of the spectra (Figure 11). 
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Figure 11 13C MAS NMR spectra of (a) DND (raw DNDs), (b) Cl-650-DND (DNDs 

chlorinated at 650 °C for 1 h with a Cl2 flowrate of 20 mL/min), (c) F-520-DND (DNDs 

fluorinated for 12 h at 520 °C) and (e) F-Cl-DND (DNDs chlorinated at 650 °C for 1 h flowrate 

of 20 mL/min and fluorinated for 12 h at 520 °C). 19F MAS-NMR spectra of (d) F-520-DND 

and (f) F-Cl-DND. The fits were performed with Lorentzian functions. The spinning rate were 

10 and 30 kHz, for the 13C and 19F nucleus NMR, respectively. Spinning sidebands are marked 

with *.

First, in agreement with the literature 92,93, 13C MAS-NMR spectrum for raw DNDs can be well 

fitted with three contributions of chemical shifts of 35, 50 and 75 ppm corresponding to sp3 C 

bonded to others sp3 C (diamond core), H atoms in both C-H and CH3 groups and C-OH groups, 
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respectively (Figure 11a). After chlorination only, the 13C MAS-NMR spectrum of Cl-650-ND 

reveals the presence of C-Cl band at 50 ppm (at a position close to that of C-H bond) and 

confirms the sp² C signal at 140 ppm (Figure 11b) 91,93. The reaction of DNDs with chlorine 

induced grafting Cl atoms on diamond and formation of graphitic species. After the fluorination 

reaction, the 13C MAS-NMR spectrum of F-520-DND (Figure 11c) shows: i) two bands at 42 

and 85 ppm corresponding to the sp3 C bonded to C-F (C-C-F) and C-F bonds (C-F), 

respectively and ii) the removal of C-H and C-OH groups. The C-F band is in fact a doublet 

composed of C-F groups grafted to diamond bulk (85 ppm) and to the sp2 C shell (denoted as 

Cex-sp2-F) located at 90 ppm. This latter C-F bond feature is also noticed in the 19F MAS-NMR 

spectrum (Figure 11d); the Cex-sp2-F band appears as a shoulder at -185 ppm and the Csp3-F 

feature is detected at -164 ppm. The CF2 signal at -140 ppm was not considered for this fit. It 

is observed that the Cex-sp2-F signal is less intense than that of the Csp3-F in both 13C and 19F 

MAS-NMR spectra. These assignments are in perfect agreement with the 13C MAS-NMR 

spectrum of F-520-DND and with literature 93. From the fit of 13C spectrum, a F/C ratio of 0.03 

is found in F-520-DND, which corresponds to 7.2 wt.% of fluorine. Thus, the sp3 C neighbors 

of C-F (C-C-F, 4.3 wt.% in green) are fewer in F-520-DND than in diamond (92.8 wt.%, in 

blue). The C-F bond presence on diamond surface which results from both the conversion of 

C-OH and C-H groups (C-F, at 85 ppm, purple) and from C sp² fluorination (Cex-sp2-F, at 90 

ppm in yellow) are present with 2.8 wt.% and 0.1 wt.%, respectively. 

The deconvolution of non-treated and halogenated DND allows us to better understand the 

MAS-NMR spectra of a DND sample submitted to Cl2 and F2 treatments. Indeed, from the fit 

of the 13C MAS-NMR spectrum of F-Cl-DND (DNDs having been first chlorinated and next 

fluorinated), the C-Cl bonds co-exist with C-F bonds (both fluorine grafted to sp3 C and to Cex-

sp2) is evidenced by the fit (Figure 11e). These findings are in agreement with the 19F MAS-

NMR spectrum of F-520-DND (Figure 11f). In addition, the signal from C-H is no more present 
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in agreement with the very low intensity of the 1H MAS-NMR spectrum of F-Cl-DND (Figure 

10a). 

The agglomerated morphology of the DNDs does not seem to constitute a significant barrier to 

the diffusion of halogenated reactants. As expected from our previous work94, Cl₂ and F₂ 

gaseous reactants can permeate the agglomerates and react with species present at the DND 

surface and at inter-nanodiamond interfaces, while the crystalline diamond core is expected to 

remain largely unaffected as evidenced by TEM observations (Supplementary Information, 

Figure S12) and in agreement with XRD of fluorinated DNDs (Supplementary Information, 

Figure S7). Conversely, chemistry of DND surface has been shown to be strongly modified 

after the sequential purification process. Most of the native hydrogen and oxygen-containing 

functional groups, the disordered sp2-C surrounding layer have been replaced by fluorine-

groups, as evidenced as well by visual dispersions tests (Supplementary Information, Figure 

S13).

The results of the above NMR study and the complementary characterizations described in this 

work allow to propose a comprehensive mechanism leading to purification and halogenation 

of the DND surface by chlorination, fluorination and the here developed sequential chlorine-

fluorine treatment (Figure 12). 
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Figure 12 Complete representation of the purification mechanisms of DND particles by 

chlorination and fluorination treatments. 

3.3.3. Influence of the halogen-based treatment on the thermal stability of DNDs 

It is well known that surface chemistry and presence of impurities significantly impact the 

thermal stability of any material. The efficient removal of both organic/carbon-based impurity 

is strongly supported by the above results and, additional FTIR investigations of DND, Cl-650-

DND, F-520-DND and F-Cl-DND (Supplementary Information, Figure S14) show that the 

applied halogenation treatment induces grafting of C-F groups on F-Cl-DND and C-F bonds 

are well evidenced for F-520-DND. Figure 13 shows the thermograms under air and the 

corresponding derivative curves of raw DND, Cl-650-DND, F-520-DND and F-Cl-DND. First, 

a significant increase in combustion temperature (Tcomb) is observed for F-520-DND compared 

to DND and Cl-650-DND (Figure 13a). The weight loss in the 550-620 range noticed on the 

F-520-DND thermogram is certainly due to release of fluorine by a defluorination process. As 
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mentioned before (section 3.1), combustion of DNDs can be described by a two-step process, 

revealed as two peaks in the derivative representation (Figure 13b). Without entering here into 

the detailed shape of the thermogram, the raw DNDs burn off around 500 °C and after the 

treatment of DNDs under chlorine, their combustion temperature in increased of around 50 °C. 

The fluorinated DND, F-520-DND, are even more stable under air than the chlorinated DNDs, 

their thermal stability reaches temperature around 600 °C at which they start to be gasified after 

having lost their fluorine-containing groups. The DNDs treated by our purification/surface 

cleaning method, F-Cl-DND shows a substantial improvement of its resistance to oxidation 

since it can sustain 730 °C under dry air; the improvement measured here is of +225 °C 

compared to the raw DNDs. Its defluorination, less pronounced than for F-520-DND, is noticed 

at around 620 °C. And, the combustion process occurs in a narrower temperature domain for 

F-Cl-DND than what it is observed for the other studied DNDs. The faster and better controlled 

combustion process is probably the signature of a better control of the surface properties and 

fewer different types of functions by an efficient surface cleaning after fluorination.

DNDs have been reported as catalysts or catalyst supports in various reactions95 and are well 

suited for harsh condition reactions due to their high core stability. Recent patents further 

demonstrate their use in HF-based fluorination reactions, highlighting the stability of their 

specific surface area and the presence of surface vacancies potentially acting as Lewis acid 

sites involved in Cl/F exchange mechanisms 96,97. In this context, the purified and surface-

cleaned DNDs investigated in the present study may exhibit distinct catalytic properties, owing 

to their expected stability under HF flow conditions.
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Figure 13 (a) Thermograms from TGA under dry air atmosphere of DND (raw DNDs), Cl-

650-DND (DNDs chlorinated at 650 °C for 1 h with a Cl2 flowrate of 20 mL/min), F-520-

DND (DNDs fluorinated for 12 h at 520 °C) and F-Cl-DND (DNDs chlorinated at 650 °C for 

1 h flowrate of 20 mL/min and fluorinated for 12 h at 520 °C) and (b) their corresponding 

derivative curves. 

4. Discussion

Chlorination first removes metal impurities while fluorination eliminates the sp2 carbon shell 

surrounding the diamond core of DNDs, the hydrogen/oxygen containing functional groups 

(C-H and C-OH), SiO2 and PCs close to the surface. DNDs being of nanometer size, its surface 

accessible to gas accounts for a non-negligible part of the sample, which also contributes to its 

effectiveness. Among all the DND impurities, only nitrogen located within the diamond core 

of DNDs could not be reaches. The in-depth characterization provided demonstrates the ultra-

purity of DNDs after their reaction with chlorine and fluorine. In addition to that, the purity of 

the Cl2-F2 treated DNDs could be proved by another powerful approach: around 100 mg of F-

Cl-DND powder have been burnt off in air following the selective combustion method 

described in ref 13, no residue was obtained after combustion providing the crucial evidence of 

the high efficiency of the developed purification method. 
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Compared to the initial DND powder, the combustion temperature is upshifted by 225 °C after 

the developed two-step halogen combined method. Such a difference mainly originates from a 

modification in surface chemistry of DNDs. This phenomenon is assumed to be related to the 

metastability of the diamond phase, that is magnified at the nanometric size. The conversion 

of diamond into graphite is favored for nanodiamonds in the temperature range used (presence 

of sp² C at 135 ppm in the 13C NMR spectrum of Cl-650-DND, Figure 10). When the sp2 

carbons present at the DND surface are burnt off and released as CO and CO2 gases, the newly 

exposed diamond carbons are converted into sp2 C instantaneously (strength of C-C bond is 

347 kJ/mol instead of 614 kJ/mol for C=C bond). Combustion takes place from one step to the 

next up to the completion of the burning process. When fluorine atoms are present on the DND 

surface, the stability in air is enhanced. To stabilize the diamond phase on the surface, and 

therefore maintain the sp3 structure, the presence of C-F bonds is essential. C-F groups 

correspond to the fluorine atoms bonded to the diamond and not located in the residual phase 

Cex-sp2-F. An analogy with diamane can be made here. Diamane is a 2D structure involving 

only a bilayer of C with sp3 hybridization over a large surface area. Preparing low-dimensional 

diamond-like structures is extremely complex. Unlike graphite, which can be exfoliated into 

graphene, diamond has a 3D crystal conformation. A high transformation barrier makes 

diamond metastable and able to exist on geological time scales. However, as the structural 

dimensions of diamond decrease, surface effects begin to play a major role in a way that cannot 

be described by the canonical diamond-graphite phase diagram. For diamond structures with 

dimensions approaching those of the diamond unit cell, the absence of passivating atoms (e.g. 

fluorine) shifts the phase equilibrium, leading to a significant increase in the graphene-diamond 

transition pressure, and even the disappearance of stability regions for diamonds 98–100. This is 

the reason why conventional chemical vapor deposition (CVD) does not allow to synthesize 

diamond films of atomic thickness. Since 2009, numerous studies have focused on diamane 
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synthesis, whether by compressing a few graphene layers at high pressure (160-240 GPa) 101–

109, using a hot filament process 110, or by a “chemically induced phase transition” to convert 

stacked few-layer graphene, in an AB mode, into stable diamane by sufficient coverage of 

passivating surface atoms on both free surfaces 99,109,111–113. Diamane-type materials have been 

prepared by fluorination (F-diamane) 106 or hydrogenation 107 of graphene or multilayer 

graphene films. In the case of fluorinated diamane (F-diamane), fluorine atoms “passivate” the 

diamane sheets, enabling them to exist at ambient pressure and temperature, thus maintaining 

the sp3 hybridization despite the metastable nature of the diamane sheets. The F-diamane 

structure shown in Figure 14 can be compared to a layer in the (C2F)n phase of fluorinated 

graphites. The comparison between F-diamane and fluorinated DND is supported by the close 

chemical shifts in 13C NMR (42 ppm for C-C-F) and 19F NMR (-164 or -176 ppm C-C-F) 

(Figure 14). If we liken the nanodiamond surface to a curved diamane layer missing half its 

fluorine atoms (on the diamond core side), the fluorine atoms “passivate” the diamond surface 

and fix the sp3 hybridization of the carbon atoms. Thermal removal of the fluorine atoms 

induces a phase change from metastable diamond to graphite. It should be noted that diamane 

passivation can theoretically be achieved by hydroxyl groups and hydrogen. It is therefore not 

aberrant to observe graphitization of DND by chlorination in the used temperature range if we 

consider the eventual ablation of C-OH and C-H.
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Figure 14 Chemical shift of C-C-F and C-C-F groups in the 19F13C CP-MAS spectrum of 

fluorinated diamane and F-520-DND. The chemical shifts of these contributions in 19F NMR 

are also shown.

4 Conclusion

DNDs with an ultra-pure surface were prepared by the combination of gas/solid halogenations. 

We have demonstrated that the combining chlorine-fluorine is a powerful purification method 

for DNDs. Chlorination with pure Cl2 gas performed first at 650 °C for 1 h is able to remove 

metal impurities by forming volatile metal chlorides. Fluorination with pure F2 at 520 °C for 

12 h is then carried out to remove the remaining SiO2 impurity, the sp2 carbon shell and 

hydrogenated and oxygenated groups (C-OH and C-H) through the respective release of SiF4, 

CF4 (and other gaseous CxFy) and HF, all in gaseous state. Fluorination allows the paramagnetic 

centers close to the DND surface to be removed. Only nitrogen located within the diamond 

core cannot be removed by this purification method. Both F2 and Cl2 are not reactive with the 

diamond core and cannot diffuse deeply in the DND particles, which provides a highly selective 

purification treatment with highly efficient elimination towards non-diamond species. 

Moreover, the DNDs cleaned from all their external impurities show a high hydrophobic 

character thanks to the presence of fluorine atoms at their surface. Adsorption of water 

molecules is hence avoided leading to very stable DNDs in atmospheric conditions. The 
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fluorine atoms allow another important benefit since the thermal stability in air is drastically 

enhanced, with a remarkable combustion temperature upshift of 225 °C (in comparison with 

the raw DND). By analogy with fluorinated diamane, F atoms passivate the diamond surface 

and fix the sp3 hybridization on the surface. The rebuilding of the surface with a conversion of 

metastable diamond into graphite-like shell is avoided. The proposed combination of 

halogenations cleans the DND surface and erases the history of both synthesis and preliminary 

purification processes. The problem of homogeneity between batches can then be resolved. 

The DND surface is clean and uniform for applications such as heterogeneous catalysis 

performed under harsh environmental conditions. 
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