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1 Optimization of the chlorine-based treatment

1.1 Optimization of the duration of the chlorine-based treatment

Figure S1 shows the thermograms under air of the raw and the DND samples treated with Cl,
at 600 °C for 1 h (in red), 2 h (in blue) and 4 h (in green) at a Cl, flowrate of 5 mL/min. After
being treated under Cl,, the DND combustion temperature is upshifted with the treatment
temperature (Figures Sla and S1b) and the absence of dehydration (insert Figure Sla) is as
well observed after treatment whatever the used conditions. After only 1 h of treatment, the
remaining inorganic impurities are significantly reduced (from 3.5 £ 0.8 % down to 2 + 0.8 %)
and longer treatment durations do not allow a clear gain in inorganic content reduction by
considering that limit of detection of TGA is reached (Figure S1c). Moreover, a darkening of
the DND powder was observed after being heated at 600 °C for 2 and 4 h under CI, atmosphere,

probably causing a graphitization of the material, not desired here.
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Figure S1 (a) Thermograms in air of the used DND powder treated under Cl, at 600 °C for 1,
2 and 4 h at a Cl, flowrate of 5 mL/min. The insert is a zoom in of low weight loss domain; (b)
dTG representation of the thermograms of (a); (c) Remaining weights measured from the

thermograms at 800 °C.



1.2 Optimization of the Cl, flowrate

Figure S2 exhibits the thermograms under air of DND powders treated during 1 h at 600 °C
under chlorine with flowrates of 5, 7, 20 and 50 mL/min. An upshift in the DND combustion
temperature (Figures S2a and S2b) and the absence of dehydration (insert Figure S2a) are
observed regardless of the used Cl, flowrate. The remaining weight corresponding to the
inorganic impurities after the DND combustion does not show any significant decrease when
the Cl, flowrate is increased above 20 mL/min (Figure S2¢). Moreover, it should be noted that

a flowrate of 50 mL/min of Cl, is delicate to precisely control with the used apparatus.
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Figure S2 (a) Thermograms in air of the used DND powder treated under Cl, at during 1 h at
600 °C under Cl, with flowrates of 5, 7, 20 and 50 mL/min. The insert is a zoom in of low
weight loss domain; (b) dTG representation of the thermograms of (a); (¢) Remaining weights

from the thermograms measured at 800 °C.



1.3 Modelization of the DND thermograms
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Figure S3 Modelization of the DND thermograms with the four behaviors possibly observable
for DNDs heated under dry air: dehydration, metal oxidation, rapid (1) and slow (2)
combustion: (a) sample weight evolution as a function of temperature, (b) its derivative with

respect to time, (c¢) resulting weight loss evolution (sum of the 4 contributions shown in a), (d)
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2 Optimization of fluorine purification treatment

2.1 Exothermic reaction at ambient temperature
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Figure S4 (a) Photograph of the 5 L-reactor used for DND fluorination, showing the location
of the thermocouples in contact with the reactor to measure temperature (numbered 1 to 6, from
left to right) and (b) changes over time in the temperatures measured by thermocouples 1, 3, 4

and 5 during fluorination and pressure increase of F,.

Five thermocouples were placed at different locations along the nickel reactor. F, gas was
injected on the left side of the reactor and 10 g of DNDs were loaded at positions 3, 4 and 5
inside the reactor. The temperature was observed to spontaneously increase due to the
exothermicity of the fluorination started first on channels 3 and 4 and was slightly later on
channel 5 (channel 1 is the control experiment, without DND). The front of the reaction was

moved from position 3 and 4 to 5.



2.2 In-situ gas phase FTIR study

In-situ studies followed by gas phase FTIR spectroscopy were realized i) by increasing
the temperature from RT up to 520 °C (in static condition) and #7) in static mode from 200 to
390 °C, then under dynamic flow of F, inside the opened reactor at 520 °C for 8 h are gathers
in Figures S5 and S6, respectively.
Figure S5 displays the complete time-resolved spectra of the fluorination of the DND powder
at RT. CF,4 vibration bands appear after a few minutes under F, atmosphere and are still present
at 50 min of reaction at RT, that means the reaction is not complete under these conditions.
However, release of HF, COF,, CF, and SiF,, molecules can be explained by the removal of C-

H bonds, oxygenated groups, sp? carbon shells, and SiO, impurities, respectively.
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Figure S5 Gas phase FTIR spectra of DND during fluorination at room temperature.
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After having investigating the fluorination mechanism involved at RT, temperature was further
increased up to 520 °C. Rising the fluorination temperature from 200 to 520 °C in static
conditions (Figure S6a) right after the first fluorination at RT allows the complete elimination
of SiO, (absence of SiF, vibrations). The resulting FTIR spectra slowly become mainly
composed by HF and CF, vibration bands. The same results are obtained for a fluorination

under dynamic conditions and are shown in Figure S6b.
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Figure S6 a) Gas phase FTIR spectra of DND during fluorination from 200 to 520 °C, in static
condition. b) Selected spectra after 15 min at 200 °C (yellow) and 15 min at 390 °C (purple)

under static condition and 10 min at 520 °C (blue) in dynamic condition.

Table S1 gathers the positions of the features expected for constituting the R- and P-branches

of the rotational transitions of HF. The detected HF positions can be explained by selection
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rule. When the rotational quantum number J # 0, the transition between state AJ must be equal
to 0, or £1 (AJ =0, £1). Thus, when the transition AJ = +1 we obtain the so-called R-branch
(vich) where the molecule gains rotational energy. Conversely, if AJ = -1 the molecule loses
rotational energy and the P-branch (poor) is obtained. Also, if the transition between two states
is equal to 0, then the Q-branch is obtained, characterizing the perpendicular vibrations, and

located between the R and P branches !3.

Table S1 Observed positions of the rotational transitions of HF from FTIR.

R-branch Wavenlimber P-branch Wavenlimber
(cm™) (cm!)
R(0) 4000
R(1) 4036 P(1) 3920
R(2) 4075 P(2) 3877
R(3) 4110 P(3) 3834
R(4) 4142 P(4) 3787
R(5) 4173 P(5) 3740
R(6) 4203 P(6) 3693
R(7) 4230 P(7) 3643
R(8) 4256 P(8) 3595
R®Y) 4279 P(9) 3542

2.3 Investigation of paramagnetic defects of DNDs by EPR, a literature review

In the literature, the high spin density of DNDs (up to 102° spin/g) is explained by several types
of paramagnetic centers (PCs) 13 : i) transition metal impurities with a peak-to-peak linewidth,
AHpp, of several hundred Gauss and a g-factor close to 2.5; ii) structural defects (dangling
bonds or DBs) with g =2.003 and AHpp in the range 4-11 G; iii) P; or N centers corresponding
to the substitution of carbon atoms by nitrogen ones with a similar value of g-factor than for

DBs but a broader line. The typical narrow singlet quasi-Lorentzian-like line of DND can be
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then fitted with two Lorentzian lines with very close g-factor values, assigned to both Py (Ny)
centers and DBs. The EPR signals may be sensitive to ambient oxygen *!4. Panich et al.
proposed that Py (Ny) centers are located within the diamond core whereas the DBs are mainly
within the defect-rich interface layer !>16. Most of the '3C nuclei in nanodiamonds are coupled
with DB spins through hyperfine coupling. This coupling drastically shortens the '*C nuclear
spin lattice relaxation time %17, These data highlight the fact that DBs seem to be located in
the whole volume rather than close to the nanodiamond surface. Ny PCs are reported to be
mostly located in the disordered shells of nanodiamonds 41819 In these studies, the low
amount of nitrogen-containing PCs compared to DBs is revealed by the absence of a triplet
characteristic of '*N nuclei. According to Fang et al., the N, centers are located in the partially
disordered shell 2°. This shell has a thickness of ~1 nm and contains the DBs as well as the
diamagnetic nitrogen defects, i.e. pairs of neighboring substitutional nitrogen atoms (N, or A
center) or groups of four nitrogen around a vacancy (N4 or B center) 2. Such a location allows
a weak hyperfine interaction to occur between the N, electron and hydrogen (fluorine) nuclear
spins located at the nanodiamond surface ?!. In addition to atomic nitrogen centers Ny, nitrogen
pairs N," and possibly vacancy centers with spin 3/2 (called R8 center) have been evidenced
after sintering of DNDs 2223, H;-center (the defect in diamond lattice containing one hydrogen
atom, g-factor of 2.0028) is also reported in addition to the single line (g-factor of 2.0025) from
other centers. A slight influence of ambient oxygen on the relaxation times T, and T, measured
at the central field position allowed Fionov et al. 4 to propose that the single line spectrum can
be due to the surface radicals, probably carbon-based DBs.

There are some discrepancies concerning the location of DB and Py (Nj) centers, either in the
whole bulk or close to the surface, in the defect-rich interface layer. These differences may be
explained by the different purification yields and the extend of the sp? carbon shell on the

surface of the diamond core.
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Another effect must be considered for DNDs: dipolar interaction of paramagnetic species with
their interaction with paramagnetic O,, which causes significant broadening of the EPR lines.
The contribution of species located in the close vicinity of oxygen molecules decreases when
the sample is transferred under low-O, atmosphere. This effect is reversible and has been
evidenced by measurements in air and vacuum; an increase of 10 % of the signal intensity was
observed without paramagnetic O, (under vacuum) 4. Both P; (N)-centers and H;-centers are

reported as bulk defects and therefore do not interact with the ambient oxygen 4.
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2.4 Investigation of the long-term stability of fluorinated DNDs
The fluorination of DND in our group, at the Institut de Chimie de Clermont-Ferrand (ICCF,
Clermont-Ferrand, France), began almost ten years ago, which makes it possible to study the
ageing for of the F-DND through a fluorinated sample during a previous study, subsequently
named F-DNDold. The fluorination was performed in 2017 in static conditions in a two-step
process. The temperature was increased to 450 °C and then stabilized for 12 h. After this first
treatment and cooling to the ambient temperature, the reactor was flushed with nitrogen (N;)
flow for 1 h to remove unused F,, HF and volatile fluorination products. To complete both sp?-
bonded C and H removal, the same sequence was repeated a second time (reference 11 of the
main manuscript). This sample F-DNDold has recently been refluorinated in order to compare
the impact of a second fluorination. This sample will be named F-F-DNDold. First of all, these
samples were characterized by XRD to ensure that the diameter of the DNDs was preserved
and that they were sufficiently crystalline (Figure S7). These diffractograms are compared with
those of DND and the F-520-DND sample. No difference was observed between the three
fluorinated samples, nor with the initial DND powder. The calculation of crystallite size shows
a slight decrease in < D > from 42 A for DND to about 37.5-39 A for the F-DND series, which
represents a decrease in crystallite size of about 10%. The lattice parameter a is approximately
3.58-3.59 A for the F-520-DND, compared to 3.57 A for DND. The values of <D > and a are

summarized in Table S2.
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Figure S7 Diffractograms of the samples DND (black), F-520-DND (purple), an F-DND

several years old (F-DNDold, orange) and its refluorinated version (F-F-DNDold, burgundy)

Table S2 Crystallite size < D > (in A) and lattice parameter a (in A) of the samples DND, F-

520-DND, F-DNDold and F-F-DNDold.

DND F-520-DND F-DNDold F-F-DNDold

<D>(A)  41.9+09 37.9+0.9 392+09 375+09

a(A) 3.572+0.013 3.589+0.015 3.583+0.011 3.589+0.014

The ageing and refluorination of F-520-DND does not alter the crystallinity of the DND or the
size of the nanodiamond particles. FTIR was performed to probe possible chemical
modifications of these fluorinated DNDs, particularly at their surface, which is the part most
exposed to air. The FTIR spectra of F-DNDold and F-F-DNDold are compared to those of
DND and F-DND (Figure S8). It can be seen that when fluorinated DNDs are exposed to air
for 8 years, the OH band (3700-3000 cm™"), vc—o (1730 cm!) and ve-c/8on (1640 cm!) vibration
bands reappear. A slight change in the Cgiamong Vibration at 1330 cm! is also visible for F-
DNDold. Conversely, refluorination of F-DNDold (F-F-DNDold) eliminates all functional

groups, restoring an FTIR spectrum identical to F-DND.
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Figure S8 FTIR spectra of the samples DND (black), F-520-DND (purple), F-DNDold

(orange) and F-F-DNDold (burgundy).

The ageing-induced modifications of the surface chemistry of fluorinated DNDs were
investigated by NMR spectroscopy, focusing on the evolution of C—F bonds. The MAS NMR
spectra of the 'H, 13C and '°F nuclei were acquired for DND, F-520-DND, F-DNDold and F-F-
DNDold (Figure S9). The 'H spectrum (Figure S9a) indicates the presence of C-H bonds and/or
C-OH groups for F-DNDold, while those of F-520-DND and F-F-DNDold do not contain any
(not shown here). The 13C spectrum (Figure S9b) of F-DNDold is similar to that of F-520-
DND, although the broadening of the band caused by the C-C-F signal (42 ppm) appears less
pronounced. In addition, the graphite band (120 ppm) is observed in the 3C spectrum of F-
DNDold. This shows that the sample has evolved over time and that graphitization has taken
place. Conversely, the spectrum of F-F-DNDold no longer exhibits a Cyapnite signal, and the
proportion of C—F bonds (84 ppm) is increased compared to F-520-ND, indicating conversion
of graphite into Cex.spo-F bonds. To verify this hypothesis, the !°F spectrum was studied (Figure

S9c¢). The spectra of F-520-ND and F-DNDold were recorded at 14 kHz with a 4 mm rotor, as
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well as that of F-520-DND and F-F-DNDold recorded at 30 kHz with a 2.5 mm rotor. The
spectrum of F-DNDold exhibit a shape identical to that of F-520-ND, with no visible decrease
in the relative contents of the two types of C-F bonds, i.e. on the diamond surface and Cey.gpo-
F. The F spectra of F-520-DND and F-F-DNDold are also identical, and no increase in the

relative content of Cey.gp-F band (-180 ppm) is observed.
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Figure S9 MAS-NMR spectra of the 'H (a), 1*C (b) and '°F (¢) nuclei of the samples DND, F-
520-DND, F-DNDold and F-F-NDold. The 'H spectra of F-520-DND and F-F-NDold were not
recorded because they do not have hydrogen atoms. The °F spectrum of F-520-DND and F-

DNDold was recorded at 14 kHz (4 mm rotor), which explains the closer rotation bands.

2.5 Study of the influence of fluorination on metallic impurities of fluorinated
DNDs

For the purpose of detecting, localizing and identifying the iron-based impurities in DNDs after
their fluorination at 520 °C, imaging by HAADF-STEM and BF-STEM analysis was
conducted on F-520-DND (Figures S10a and S10b). Both images illustrate an agglomerate of
DND of several um in size and a small particle (located at the bottom of the images) with

higher electron density, appearing consequently brighter and darker in DF and BF images,
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respectively. Elemental X-mapping of carbon (K-edge), nitrogen (K-edge), fluorine (K-edge)
and iron (K-edge) reveals that the observed agglomerate is mainly formed by carbon, with low
amount of nitrogen (certainly coming from NV centers), fluorine is homogeneously distributed
on the sample, probably grafted to the DND surface (Figures S10c-S10f). The small particle
mainly contains fluorine and iron in agreement with its presence under the form of iron fluoride,

FeF;, found by Mdssbauer.

Figure S10 a) HAADF and b) BF-STEM images of a selected area of F-520-DND,
respectively. ¢-f) corresponding EDX spectroscopy elemental mappings of carbon (K-edge)
shown in yellow (¢), nitrogen (K-edge) in light blue (d), fluorine (K-edge) in pink (e) and iron
(K-edge) in orange (f).

A home-developed selective combustion method 2* was used to concentrate the inorganic
impurities present in F-520-DND for their facile identification by FTIR (Figure SI1).
Compared with the impurities from the DND sample (O-DND), those coming from F-520-
DND (O-F-520-DND), show a radically different IR spectrum. Indeed, the Si-O-Si vibrational

bands are no longer visible after fluorination of DND. This clearly reflects the effective
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removal of SiO, by fluorination, in agreement with detection of released Si,F, species during
room-temperature fluorination of DND powder. Four broad bands appear in the FTIR spectrum
of O-F-520-DND at 455, 575, 870 and 1030 cm™!. The two first bands could be either assigned
to non-fluorinated Cr,Oj; vibrations at 413 (E,!), 445 (E,?), 540 (A,,' and E;%) and 612 cm’!
(A2 and E,*) and/or to Fe-F bonds belonging to FeF, and FeF; compounds expected in the

range 450-735 cm’!, respectively 22,

+ v(Cr,05) a o-Fe, 0,
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Figure S11 FTIR spectrum of resulting ashes after selective combustion in air of raw DND
(O-DND), C1-650-DND (0O-CI-650-DND), F-520-DND (O-F-520-DND) and CI-F-DND (O-
CI-F-DND).
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2.6 Nanodiamond core vs. nanodiamond surface modification

Figure S12 TEM micrograph of a) and d) the used raw DNDs, b) and e) the DNDs after
chlorination (at 650 °C for 1 h flowrate of 20 mL/min, CI-650-DND, and, c¢) and f) the DNDs

after chlorination followed by fluorination (F-Cl-DND).

Dispersion tests of DNDs were carried out in ethanol and in water to evaluate the effect of
surface functionalization on colloidal stability. Raw DNDs, bearing oxygenated surface
groups, disperse readily in water. In ethanol, reduced dissociation of surface groups leads to
weaker electrostatic repulsion and consequently poorer dispersion stability, with a greater
tendency toward aggregation. In contrast, chlorinated DNDs and fluorinated DNDs, Cl-650-
DND, F-520-DND and F-CI-DND, are dispersed in ethanol, demonstrating that halogenation
significantly improves dispersibility in ethanol, as already reported.® In water, a different

behavior was observed. Chlorinated DNDs tend to remain in dispersion even if their faster
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sedimentation than that observed in ethanol is noticeable by a transparent sedimentation front
below the liquid-air meniscus. Fluorinated DNDs (both F-520-DND and F-CI-DND, even if
the effect is less pronounced for this latter) showed a far less poorer dispersion ability in water
than it is observed in ethanol. Presence of fluorine groups reduces the affinity of DND surfaces

for water, likely due to increased hydrophobic character.

DND Cl-650-DND  F-520-DND  F-CI-DND

L = — ——

DND CI-650-DND  F-520-DND  F-CI-DN

Figure S13 Pristine (DND), chlorinated (C1-650-DND), fluorinated (F-520-DND) and DND
treated by chlorination followed by fluorination (F-CI-DND) dispersions a) in ethanol and b)

1n water and settled for 5 h.
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2.7  Surface modification of F-CI-DND

—DND Caia

e C1-650-DND 1344

e F-520-DND

e F-C|-DND C-F

Absorbance

2006 l 18IOO l I16|0C; I .14I00l I .12I00l . :10I0(.:J | .860l | .660I

Wavenumber (cm™)
Figure S14 FTIR spectrum DND (raw DNDs), C1-650-DND (DNDs chlorinated at 650 °C for
1 h with a Cl, flowrate of 20 mL/min), F-520-DND (DNDs fluorinated for 12 h at 520 °C) and

F-CI-DND (DNDs chlorinated at 650 °C for 1 h flowrate of 20 mL/min and fluorinated for 12

h at 520 °C).
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