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ABSTRACT

Data of quasi-specular reflection of cold neutrons, prompt-y neutron analysis, X-ray Raman
scattering (XRS) and neutron Pair distribution function (PDF) analysis with powder of
detonation nanodiamonds are analyzed to collect their structural properties and chemical
composition. Both as-synthesized and purified were studied using fluorination samples.
Removal of both sp? amorphous carbon shell and hydrogen atoms is evidenced respectively by
the change of neutron-nuclei optical potentials of nanoparticles and the increase of their neutron
reflectivity. Moreover, sp’ diamond cores of nanoparticles stay intact during the fluorination as
revealed by similar scattering patterns, PDF and XRS data. Quasi-specular reflection, PDF and
XRS data are complementary for the study of nanomaterials and in good agreement with

conventional characterization techniques (infrared spectroscopy and solid-state NMR).

1. INTRODUCTION

Fine investigation of nanomaterials needs a combination of complementary characterization
techniques in order to collect information at different scales concerning their structure and
chemical composition. The perfect knowledge of those characteristics allows a rational use of the
nanomaterials. In the present paper, we apply non-conventional techniques to characterize
nanodiamonds (NDs) powders'?, after purification under molecular fluorine flux™*. As a matter
of fact, nanodiamond powder combines high volume density of diamond, high coherent
scattering length (b" = 6.65 fm), low neutron absorption (6.~ = 3.5 mb) and inelastic scattering

cross-sections of C. NDs can be efficiently used in low-energy neutron physics due to the quasi-



specular reflection of cold neutrons (CNs) at small incidence angle to powder surface®®”* and
the diffusive reflection of very cold neutrons (VCNs) at any incidence angle”'®'!!2.

Cross-sections of neutron scattering on NDs have been studied in detail*'*. These
investigations compare, in particular, different techniques of producing NDs and measure
temperature dependence of inelastic scattering cross-sections. The authors show virtual absence
of low-energy excitations thus highly elastic neutron scattering and underline the importance of
clustering or agglomeration of nanoparticles in powders for neutron diffusion and transport.
Important efforts have been devoted for including the diffusion of slow neutrons in the DND
powder to neutron transport simulations'>'°.

X-ray Raman Scattering (XRS) and Pair Distribution Function analysis (PDF) are both
bulk techniques very sensitive to the atomic local structure and C hybridization. PDF is a well-
established technique for studying disordered or semi-ordered materials while XRS is a non-
resonant inelastic X-ray scattering technique that allows observing the core electron excitation in
the sample and thus the unoccupied electronic density of states'”'®. XRS uses X-rays in the hard
regime, giving a penetration depth in the order from hundreds of micrometers to millimeters.
Prompt-y neutron analysis allows the absolute evaluation of hydrogen content'. Neutrons
scattering represents a powerful method**"*** to study the size, shape and positions of scatter.
Quasi-specular reflection of CNs may be used for the general purpose of characterization of
nanomaterials in addition to conventional techniques such as XRD, Raman and solid-state NMR.

NDs can be produced in the nanocrystalline form, by the detonation of carbon-containing

. .. . 1
explosives such as trinitrotoluene and hexogen in a steel chamber'**

. Pressure increase during
the explosion allows a high diamond content to be obtained in the detonation soot. Using this

method, metal impurities and carbon phases distinct from diamond, such as amorphous carbons,



graphite, and fullerene-like carbons, can be synthesized in addition to nanodiamonds, and the
resulting samples are then usually described as a diamond core (sp> carbons) which is covered by
a sp> carbon fullerene-like shell. The shell structure and its thickness depend on the detonation
condition. Because a unique combination of properties that nanodiamonds provide, such as
nanometric size (variable according to the synthesis route), low cost, chemical inertness of
diamond core whereas their surface may be easily functionalized, negligible toxicity, excellent
mechanical (exceptional hardness, fracture strength) and optical properties and scalable
production, they are potentially used in numerous applications in biology, and medicine”**". In
particular, NDs are promising materials for building slow neutron reflectors. Their size allows
miniaturized mechanical systems and devices (MEMS), cantilevers and gears. For most of these
fields, a suitable surface termination and functionalization of the diamond materials are required
and a pure surface is needed. Detonation NDs are chemically treated with F, gas for purification
purpose. For future applications, a very precise characterization of the final product is essential.
In order to probe the local structure in the core of the NDs, we have employed XRS and PDF of
neutron diffraction. PDF provides straightforward information about the local structure in terms
of first neighboring distances. XRS allows the direct observation of soft X-rays edges (like C and
F K edges) of bulk samples thanks to the use of hard X-rays that are inelastically scattered'”'®.
Both techniques are therefore sensitive to the C-hybridization and local structure with a bulk
penetration depth. Data from quasi-specular reflection of cold neutrons, PDF and XRS will be
compared to conventional techniques such as XRD, solid state NMR, Raman and infrared
spectroscopies in order to clarify in great details the structure of NDs and evidence the efficiency

of the new techniques. 4b initio theoretical calculations for bulk diamond and the diamond (111)



H-terminated surface were performed within the framework of the density functional theory

(DFT).

2 METHODS

2.1  Materials. NDs were fluorinated in static conditions using a two-step process in a closed
Nickel reactor. NDs were placed onto passivated Nickel supports (covered with NiF,) inside the
reaction vessel. Prior to the fluorine gas insertion, the reactor was evacuated to primary vacuum
(~107 mbar) for 12 hours. A flux of pure fluorine gas (99.9% purity) was then added to reach
0.6 atm inside the reactor. This condition was fixed in order to avoid pressure higher than 1.2
atm during heating and decomposition gas evolution resulting from the fluorination. The
temperature was increased to 450 °C and then stabilized for 12 h. After this first treatment and
cooling to room temperature, the reactor was flushed with nitrogen flow for 1 hour to remove
unused fluorine, HF and decomposition products (CFs4, C5Fs, ...)*". For the completion of both
sp” layer and hydrogen removal, the same vacuum/fluorine insertion/fluorination at 450 °C for
12h/evacuation/cooling sequence was carried out in the second step. On the one hand, with such
a two-step treatment, amorphous carbons located onto the ND surface must totally decompose
into gaseous CF, and C,Fg; weight loss of the sample was then expected. On the other hand,
formation of covalent C-F bonds resulted in weight uptake. Finally, the weight change is very
low during the treatment, less than 2 wt%, also highlighting the stability of the NDs under these
drastic conditions. The resulting samples are then denoted F-NDs.

2.2 Neutron Diffraction Data for PDF Analysis. Neutron diffraction data (more details

can be found in”’) were collected at the neutron diffractometer for disordered materials D4C at



the ILL (Institut Laue Langevin, Grenoble, FR)*. We used an incident wavelength A= 0.4989 A
corresponding to a maximum Q of 23.5 A™'. Powder samples were placed inside a sealed 7 mm
diameter Vanadium cylindrical cell and measured at room temperature in a vacuum. In order to
obtain the PDF function, prior to the space-Fourier transform, an appropriated background and
multiple corrections were applied to the raw data using the CORRECT program®'. All the data
reduction and treatment were done using the routines available on the instruments®%.

2.3 X-ray Raman Scattering. X-ray Raman scattering (XRS) data were collected on the
dedicated XRS spectrometer of the beamline ID20 of the European Synchrotron ESRF
(Grenoble, France)”. The beam was monochromatized, using a nitrogen cooled Si (111)
monochromator and a Si (311) Channel Cut post-monochromator and focussed at the beam
position by two mirrors in Kirkpatrick-Baez geometry. Beam size was approximately 10 x 20
um? (V x H). 36 spherically bent Si(660) analyzer crystals at the final energy E¢ of 9.8 KeV and
3 area Maxipix detectors®® were used on collected inelastically scattered photons from the
sample. The overall energy resolution was 0.7 eV and the mean momentum transfer was 3.2 +
0.3 A'. The powder samples were placed into ad-hoc grooved flat Aluminium sample holder and
their position could be adjusted thanks to the goniometer stage of a Huber tower. The incident
beam angle was 10 degrees. All data were collected at room temperature. Raw data from
pixelated images were treated using the XRS tools python routines, as described elsewhere?”.

2.4 Quasi-Specular Reflection, Neutron Prompt-y Analysis and Conventional
Methods. Quasi-specular reflection of cold neutrons was measured at D17 neutron
reflectometer>® at ILL. Experimental details are given in reference’.

In order to measure very small residual amounts of H after the powder purification, we

applied the neutron prompt-y analysis method as in *’ but used a much more intense neutron



beam (PF1B instrument at the ILL**). To minimize the background in this measurement, we, on
one hand, placed powder samples in thin-walls aluminum envelopes with a low hydrogen
content, and, on the other hand, carefully protected the germanium y-detector against scattered
neutrons and y-quanta. The count-rate in the y-quanta peak of total absorption of the reaction
n(p, )y (E, = 2.223 Mev) allowed measuring H content in the sample and in the empty
envelope used as background. The absolute calibration of the y-quanta detection efficiency in the
H peak was carried out using a thin polyethylene sample with a precisely known amount of H.

FTIR spectrometer NICOLET 5700 (Thermo Electron) was used to record IR spectra
using both ATR and transmission modes. 100 scans with 4 cm™ resolution were collected to
acquire each spectrum between 4000 and 400 cm™. The single-reflection ATR accessory
(Thermo Scientific Smart Orbit) is working with a durable diamond crystal (type Ila 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 mm?” A wide spectral range (10000 to below 200 cm™) and good
depth of penetration (DP of 2.03 pm at 1000 cm™) were then reached. NMR experiments were
carried out on a Bruker Avance spectrometer with operating frequency of 282.2 "F. A simple
sequence (z-acquisition) was used with a single 7/2 pulse length of 5.5 us and the recycle time
was equal to 5 s. '°F chemical shifts were referenced to CFCl;.

2.4 Ab initio Theoretical Calculations with Density Functional Theory (DFT). The
structural optimizations were performed within the DFT framework using the VASP code® (in a
PAW-PBE scheme®’) with similar settings as in previously published papers*'*>. The
integrations over the Brillouin zone (BZ) were carried out using the Monkhorst-Pack scheme

with a 15x15x1 grid for the calculation on the slab. The slab was modelled as a hydrogen



terminated diamond surface, with five bilayers of carbon atoms in hexagonal (111) planes. The
vacuum region between the periodically repeated images of the slab was approximately 14 A.
We have also carried out calculations of the core level binding energies for the C-1s core state,
including final-state core hole effects (core-level relaxation energy), which involve the
recalculation of the Kohn-Sham eigenvalues for the core states for the chosen atom using a half
core-hole®™. The C-1s energy values is referred to the electrostatic potential at vacuum. For the
calculation of the vibrational properties (and the subsequent assignment of the modes based upon
the symmetry analysis of the eigenvector) we used the density functional perturbation theory

(DFPT) and the PHONOPY software package**.

3. RESULTS AND DISCUSSION

Prompt-y analysis showed that H content in NDs is drastically reduced by the fluorination,
achieving the level of 4 ppm, which is 35-60 times lower than that before fluorination. The H/C
atomic ratio are equal to 7.5 + 0.2 and 430 + 30 for NDs and F-NDs respectively. Quantitative
NMR using polytetrafluoroethylene (PTFE) as an internal reference (Fig. 1) gives a chemical
composition CFg97. Two types of C-F bonds are highlighted: on diamond core (CFg g79+0.005) and
due to the fluorination of the residual sp2 carbon shell (CFyo1s:0005). As a matter of fact,
according to their nature, C-F bonds exhibit '°F chemical of -164 ppm or -190 ppm. For fluorine
linked to sp’ carbon, the chemical shift depends on its neighboring: when C—F bonds are present,
810r is equal to -190 ppm whereas if the neighboring consists in non-fluorinated sp> carbons the
chemical shift is of -164 ppm (case of (C,F), type graphite fluoride). This is related to the
interaction between fluorine and the neighboring, which weakens the C—F covalence. The lower

the C—F covalence, the higher the chemical shift**°. The line at -164 ppm is the main



component for F-NDs. The shoulders at -184 and -200 ppm indicates the presence in very low
amounts of C-F bonds, which are due to the fluorination of sp2 carbon atoms (denoted CexspoF in
Fig. 1); all the sp” carbons are not decomposed into gaseous species (CF4 and C,Fg). The multi-

nuclear NMR data are further discussed in supplementary information, Fig. SI2).
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Fig. 1. F MAS NMR (30 kHz) of fluorinated NDs mixed with PTFE reference for

quantification purpose.

3.1 Structural Characterization. Neutron PDF data reveals the maintaining of a
diamond core after fluorination (Fig. 2) in good accordance with X-ray diffraction’. The patterns
essentially coincide for raw and fluorinated NDs, indicating a well-preserved prevalence of C-C
distances of the diamond structure. Interatomic distances don’t show any appreciable variations
after fluorinations. The first distances appear at 1.54, 2.52 and 2.95 A as expected for first C-C

neighbors in Csp® diamond structure. No appreciable difference in the PDF patterns of NDs and



F-NDs can be noticed. The technique, giving the bulk-average distances, does not appear to be
sensitive to the little amount of F in F-NDs. The calculated DFT distances on bulk sp’-diamond
are in excellent agreement with the distances calculated by PDF method i.e. 1.546, 2.526 and
2.962 A. X-ray small angle scattering was stronger for the fluorinated sample, when scaled to the
intensity of the diffraction lines’; it was interpreted as the reduction of size of whole particles
(diamond core plus shell) related to the destruction of graphite shell and/or disappearance of
absorption layer. The average size of diamond core was evaluated via the Scherrer formula from
the broadening at half the maximum intensity (after subtracting the instrumental line broadening
contribution) of the diffraction lines. The result of 4.3 nm has to be taken with caution, as

derived for monodispersed population’.
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Fig. 2. Experimental neutron PDFs of raw and fluorinated NDs plotted up to r =25 A (left panel)
and magnifications, collected at the diffractometer D4C (ILL, Grenoble), using an incident

neutron wavelength A= 0.4989 A and Q max =23.5 A™.

3.2  X-ray Raman Scattering and Spectroscopic Characterization. XRS was used
to investigate the electronic and local atomic structure of NDs, before and after the fluorination

process. XRS spectra at the C K-edge and F K-edge are presented in Figure 3.
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The XRS spectra of graphite and diamond powders are reported from reference * as an
example of pure Csp® and Csp® hybridization®’. As discussed in refs ** and *, the main features
of the C absorption edge are associated to the transitions of the C 1s electron of the empty © and
o states in the conduction band. These states are indicated in Figure 3 as n* (in graphite only)

and o*.

0.1} F-K edge
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Fig. 3. XRS spectra at the Carbon K edge of F-NDs, NDs, graphite and diamond powder.
Graphite and diamond powders are reported as an example of pure Csp” and Csp® hybridization

(data published in ). In the inset, XRS spectra at the F-K edge for F-NDs.

Data of NDs and F-NDs clearly confirm the preservation of C - sp’ hybridization as in
diamond powder. From the computational results, we obtain a value of 285.6 eV for the Cls core

level binding energy.
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Indeed, datasets for the two nanodiamond samples appear very similar to the one of
diamond powder, in agreement with diffraction data®’. This indicates the preservation of a
predominant diamond-like core, also after fluorination. The excitonic feature at the ¢* band
threshold as well as the band itself are globally less defined than in diamond powder; this is more
evident in F-NDs, probably indicating a small loss of crystallinity due to the fluorination process.
XRS spectra of the two nano-powders looks globally very similar, except for the presence of a
tiny inelastic feature at around 690 eV in F-NDs. This corresponds to the F-K edge transition.
Because of the very little amount of F in F-NDs, the feature appears very noisy and ill-defined;
even if it is possible to notice a main edge located at 687 eV, in very good agreement for what
observed from C-F covalent bonds in the C;F and C,F fluorinated graphites™e!" * Signet non défini.29

To summarize, XRS highlights three mains features i) no traces of sp> shell are detected
for NDs and F-NDs ii) sp’ core is unaffected by the fluorination (in accordance with PDF data),
and iii) residual amount of covalent C-F bonds is detected for /-NDs. Those results are in good
accordance with conventional FTIR and solid state NMR spectroscopies (Figs. SI2a and b)’.
Raman spectroscopy is highly sensitive to carbonaceous materials either with sp> or sp’
hybridization; tt allowed discriminating the carbon hybridization state’. As a matter of fact, the
Raman spectrum of a single-crystal bulk diamond exhibits a T, symmetry band at 1332 cm’
with a full width at half maximum (fwhm) in the 2.2/4.6 cm™ range*®*”°. The vibrational study
on bulk diamond shows a peak at 1296.4 cm™ (T, symmetry), and for the diamond surface at
1299.6 cm™ (C-C bond). Amorphous carbons typically exhibit G band close to 1600 cm™ and the

disorder-induced double-resonance D band in the 1250-1400 cm™' >'?

. Moreover, presence of
O-H and carbonyl groups on sp’- or sp’-hybridizated carbon atoms (pseudo-G band) results in an

additional band at 1624 ¢cm™ *°*. In addition to the narrow band of diamond carbons at 1332
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cm’', the bands at 1325 and 1624 cm™ were observed for the raw NDs spectrum’, highlighting
the presence of both residual sp” carbon atoms of the fullerene-like (or onion-like) shell as well
as O—H and/or carbonyl containing functional groups. Those additional bands disappeared after
the fluorination showing the removal of both the sp” layer and oxygen containing groups. FTIR
spectra give additional information about the total removal of OH groups (Fig. 4); the
assignment of the vibration modes is reported on the figure. The broad bands in the 3280-3675
cm” (Fig. 4b) range and at 1640 cm™ (Fig. 4a), which are related respectively to O—H stretching
and bending vibrations”>>° disappear after the fluorination in agreement with Raman data. It is
to note that the band at 1640 cm™' may be assigned to C=C vibration. Carbon atoms involved in
such bonds are also removed as seen by highly sensitive Raman spectroscopy. C-H bonds can be
also underlined by the presence of the band at 2900 cm™. Vibrational DFT calculations yield a
peak at 2928.4 cm™ for the H-terminated (111) diamond surface which is related to the Cyp3-H

bond.
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Fig. 4. FTIR spectra (ATR mode) of raw and fluorinated NDs.

Because C-H is converted into C-F during the treatment, the line is not present after the
treatment. Surprisingly, the intensity of C=O band increases after fluorination. An IR spectrum
of the raw sample is ill-defined due to the conductive carbonaceous shell on the diamond core
and the C=0 vibration band may be hindered. Nevertheless, FTIR and Raman spectroscopies
evidence qualitatively the removal of C-OH and C-H groups as well as the sp> carbons layer onto
the diamond core.

3.3 Quasi-Specular Reflection. Here, we analyze the method of neutron quasi-specular
reflection from the point of view of information about the studied samples that it can provide.
Fig. 5 shows an example of scattering data measured with NDs and F-NDs. Reference 7 indicates

the experiment geometry.
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Fig. 5. An example of quasi-specular scattering data measured with NDs (Fig. 5a) and F-
NDs (Fig. 5b) samples at D17 instrument at ILL. Different intensities/colors (in the insert on
right) indicate a relative number of neutrons, as a function of scattering angle (X-axis, in
degrees) and neutron wavelength (Y-axis, in A). The neutron incidence angle equals 1°. Fig. 5c.
Differential probability of neutron scattering, measured as a function of neutron wavelength (A),
from F-NDs (in red) and NDs (in black) to the angular acceptance of D17 detector in the
geometry indicated in Fig. SI1. We integrated data over the whole range of scattering angles, and
normalized them to total incident intensity. The incidence angle is 1°, 2°, and 3°, respectively, as

indicated in the insert.
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The main factor determining the patterns of quasi-specular reflection is neutron scattering
on diamond cores of nanoparticles. Therefore, the general similarity of the patterns measured
with the two studies samples (Fig. 5a and Fig. 5b) means that the fluorination effect on sp® cores
is small or absent, in agreement with XRS.

Nevertheless, some excess in the probability of quasi-specular reflection from a
fluorinated powder (Fig. 5b) over the probability of reflection from a raw powder (Fig. 5a)
indicates a change in its properties. This change becomes better visible after integration the
scattering patterns over the whole range of scattering angles Fig. Sc; the results for F-NDs and
NDs were compared for the incidence angle of 1°, 2° and 3°, respectively. Presentation of
experimental data in the format of Fig. Sc is also useful for analyzing the effect of neutron
diffraction in diamond cores of nanoparticles.

Diffraction diffuses neutrons to large angles thus eliminating them from quasi-specular
directions. The cut-off wavelength for diamond is twice the (111) interplanar distance, or 4.12 A.
The cut-off is not sharp due to broadening associated with finite nanoparticle sizes; as a result,
the diffraction suppression extends towards ~5A. The scale of this broadening is inversely
proportional to the size of the nanoparticles. Using this simple consideration, it is straightforward
to estimate a mean size of diamond sp’ cores. However, an accurate calculation of the mean size,
as well as the size distribution of diamond cores, will require the development of a theory that
takes into account neutron diffraction by small size diamond nuclei of arbitrary shape, as well as
the exact contribution of this effect to the probability of quasi-specular reflection of neutrons.

Fig. 5c also shows that the mean difference between the scattering curves is a
significantly larger probability of quasi-specular reflection of neutrons from fluorinated

nanoparticle powder at the neutron wavelengths of 4-5 A. This difference is due to the scattering

16



of neutrons to large angles in reflection from the raw powder, in particular in the sp® C shells
with respectively larger interatomic distances than those in the diamond. Thus, we conclude
about the removal of nanoparticle shells consisting of sp® carbon due to fluorination.

The overall efficiency of quasi-specular reflection is improved with F-NDs. Such effect is
due to fluorination, which had removed sp® shell from the nanoparticles and hydrogen

contaminations'’. This purification occurs without major changes in the diamond core.

4. CONCLUSION

A set of complementary non-conventional techniques were applied to characterize nanodiamond
powders. In particular, the effect of purification using fluorination was investigated.
Fluorination process appears effective in drastically reducing the H content and sp” carbon layer
at the surface of NDs, thought preserving the sp’ diamond core. PDF and XRS highlight the
maintaining of the diamond core during fluorination without structural change. Quasi-specular
reflection of CNs from powder of raw NDs and purified NDs indicates the removal of sp> C
layer. Prompt-y neutron analysis evidences the drastically reduced H content. On one hand,
purified NDs are confirmed to be much more efficient neutron reflectors for CNs and VCNs. On
the other hand, we have shown that XRS and neutron quasi-specular reflection are powerful
characterization techniques. The methods can be applied to powders of any nanoparticles (not

only nanodiamonds) provided the particle size ranges from a few to a few tens of nanometers.
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