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Abstract: If the wavelength of radiation and the size of inhomogeneities in the medium are
approximately equal, the radiation might be intensively scattered in the medium and reflected from
its surface. Such efficient nanomaterial reflectors are of great scientific and technological interest.
In previous works, we demonstrated a significant improvement in the efficiency of reflection of slow
neutrons from a powder of diamond nanoparticles by replacing hydrogen located on the surface of
nanoparticles with fluorine and removing the residual sp2 amorphous shells of nanoparticles via
the fluorination process. In this paper, we study the mechanism of this improvement using a set of
complementary experimental techniques. To analyze the data on a small-angle scattering of neutrons
and X-rays in powders of diamond nanoparticles, we have developed a model of discrete-size
diamond nanospheres. Our results show that fluorination does not destroy either the crystalline
cores of nanoparticles or their clustering in the scale range of 0.6–200 nm. This observation implies
that it does not significantly affect the neutron scattering properties of the powder. We conclude that
the overall increase in reflectivity from the fluorinated nanodiamond powder is primarily due to the
large reduction of neutron losses in the powder caused by the removal of hydrogen contaminations.
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1. Introduction

Neutron scattering is an indispensable tool for both fundamental and applied research. As such
there is a pronounced worldwide effort to increase the range of useful neutrons towards smaller velocities
(larger wavelengths), driven in particular by largescale structure diffractometers, reflectometers,
time-of-flight and spin-echo techniques, fundamental particle physics, etc. However, the progress in
the field is limited by the severe flux decrease of available slow neutrons. The properties of neutron
reflectors cause this dramatic decrease of slow neutron flux from present sources, nuclear reactors,
and spallation sources. Independently of the choice of materials, their evident common feature is that
they are composed of atoms separated by distances of ~10−1 nm. As soon as the neutron wavelength
reaches this value, neutrons penetrate through the reflector and are lost. For example, filters made of
pyrolytic graphite pass neutrons with the wavelength of 2.4 Å but intensively scatter neutrons with
the wavelength of 1.2 Å. The present work is a part of a broader scientific program, and we pursue to
overcome this limitation by developing a novel type of neutron reflectors. It is based on the coherent
enhancement of elastic scattering of slow neutrons in nanostructured media.

We study a particular case of wave scattering in inhomogeneous media [1], and namely neutron
diffusion [2–5]. In general terms, due to the multiple scattering on inhomogeneities, radiation diffuses
in such a medium and can reflect from its surface. For different types of radiation, examples are the
reflection of electromagnetic waves from inhomogeneities of the atmosphere, aerosols, rain, snow,
biological issues, and composite materials [6]. Charged particles (protons, electrons) or neutral particles
(atoms) provide other numerous examples of such wave reflection.

Following this analogy, we found that powders of detonation nanodiamonds (DNDs) [7,8] with
typical nanoparticle sizes of 4–5 nm reflect very cold neutrons (VCNs) diffusively at any incidence
angle [9–12], and they quasi-specularly reflect cold neutrons (CNs) at small incident angles [13,14].
In both cases, DNDs have provided a record reflectivity compared to other known media. This is due
to the exceptional combination of the large coherent scattering length of carbon (C) (bC

c.sc. = 6.65 fm,
the corresponding coherent scattering cross section is σC

c.sc. = 5.55 b), the high volume density of
diamond (ρC = 3.5 g/cm3), the low neutron losses (the absorption cross section of σC

abs = 3.5 mb,
and low inelastic scattering cross sections depending on the temperature). Nanodiamonds of similar
size and properties, but with a smaller amount of impurities, can also be produced through laser
synthesis [15]. The geometric sizes and shapes [16] of DNDs are important for optimizing the specific
properties of such reflectors, which in turn depend on applications [17,18]. Scattering cross sections
have been studied in detail in references [19–21], which in particular underlined the importance of
clustering/agglomeration of DND powder samples to allow for a proper interpretation of neutron
scattering experiments, and the virtual absence of inelastic scattering. Significant efforts have been
devoted to including the diffusion of slow neutrons in the DND powders to neutron transport
simulations [21–23].

Hydrogen (H) in DNDs is an important cause of neutron losses that reduces the efficiency of
the reflection. H is present in raw DNDs in large quantities (on average one H atom per 7.4 ± 0.2 C
atoms), and it has a large absorption cross section (σH

abs = 0.33 b) and an exceptionally large incoherent
scattering cross section (σH

in.sc. = 108 ± 2 b at room temperature) that consists of inelastic and elastic
contributions depending on the temperature [24]. In DNDs, H atoms are involved in C-OH, C-H, CH2,
and COOH groups [25,26].

Recently, we applied a chemical treatment to DNDs, namely a gas (F2)-solid fluorination [27–29]
which reduced the quantity of hydrogen by the factor of ~30 (on average only one H atom remains
per 430 ± 30 C atoms in freshly fluorinated DNDs) and provided a significantly higher efficiency of
quasi-specular reflection of neutrons [30]. In this paper, we report results of our study of the mechanism
of this improvement (using small quantities of samples <50 mg). In the future, we are going to use
the knowledge gained from this study to produce much larger quantities of DNDs with designed
parameters, needed for full-scale reflectors. Alternative approaches to produce DNDs with a reduced
content of H are its deuteration or modifications of the production conditions of DNDs in order to
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avoid large hydrogen quantities. Deuterated DNDs seem to be unstable relative to the substitution of
D by H. Modifications of the production procedure have been studied in reference [31].

Here, we do not reproduce the theoretical formalism used to analyze the interaction of neutrons
with DNDs in powder form as it was presented in our previous publications, for instance in
reference [30].

In Section 2, we describe the samples (DNDs and F-DNDs), and discuss the choice of methods used
to characterize them. In Section 3, we present our experimental results. In Section 4, we compare these
experimental results to our preceding studies, discuss the effects of fluorination on DND scattering
properties, and prospects of this study. In Section 5, we draw our conclusions.

2. Materials and Methods

2.1. Samples

To compare the results of this study directly with the results obtained in our previous works [27–30],
we used DND powders of the same type: Raw DNDs produced at the Federal State Unitary
Enterprise “Russian Federal Nuclear Center – Academician E.I. Zababakhin All-Russian Research
Institute of Technical Physics” (FSUE “RFNC-VNIITF” institute), Snezhinsk, in accordance with the
procedure described in the Technical Regulations TY 2-037-677-94 as an initial material, and fluorinated
nanodiamonds (F-DNDs) of the same type.

Figure 1 shows an image of F-DNDs measured using a transmission electron microscope (TEM,
FEI Tecnai G2 30 S-TWIN, NRC “Kurchatov Institute” – CRISM “Prometey”, St. Petersburg, Russia)
and a size distribution of DNDs evaluated using these data. A 2–3 mm3 sample of the powder was
added to 1 mL of distilled water, and the container with the mixture was placed in an ultrasonic bath
filled with water. It was sonicated for 15 min. The resulting suspension (2–3 drops) was applied to a
carbon replica placed on the copper grid. After drying, the replica was examined via TEM.
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Figure 1. (a) A TEM image of the fluorinated nanodiamonds (F-DND) sample, (b) a corresponding
diameter distribution of the DNDs. The red dashed line corresponds to the lognormal distribution.
The black solid line indicates a data fitting.

During fluorination of carbonaceous materials, the C hybridization changes from sp2 to sp3

through the formation of covalent C–F bonds. The higher the crystalline order for graphitic carbons,
the higher the fluorination temperature is. Since the sp2 C shell on diamond cores is disordered, it is
decomposed with F2 gas at a high temperature (>450 ◦C). CF4 and C2 F6 gases are then formed. On the
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contrary, diamond cores do not react with F2 molecules because the C atoms are stabilized both in a sp2

hybridization and in the stable (crystalline) C lattice. Moreover, F forming covalent C–F bonds may
replace H atoms bonded to sp3 C in CH, CH2, or C–OH groups.

Below we list the known properties of DND powders that are relevant to this study.
It is a well-known fact that DND powder produced by the detonation synthesis (usually from

trinitrotoluene and hexogen) contains particles that have a diamond crystal lattice and a characteristic
size of 4–5 nm. The unusually narrow range of sizes of diamond nanocrystals has been emphasized by
numerous researches [25,32–34] and explained by assuming that it is diamond, rather than graphite,
that appears to be a thermodynamically stable form of nanocarbon when the particle size lies in the
above mentioned range. This hypothesis was proposed in reference [35] and supported by the results
of numerical simulations of a stable C cluster [36].

The structure of a DND particle is usually represented in the core-shell model [8] as a diamond
core (sp3 hybridization) in the form of a polyhedron [37] surrounded by a non-crystalline C shell
(with sp3-sp2 hybridization of C atoms). The shell contains C–Hx, C–C–H, C–OH, C–O, C=C [26].
The shell thickness is 0.4–1.0 nm [38–40]. The fraction of H atoms chemically bound to the surface is
~5%, which corresponds to the results of references [24,27]. At the same time, it should be emphasized
that DNDs supplied by different manufactures differ significantly in the structure and chemical
composition of the shell that covers the crystalline diamond core, and in particle sizes.

Industrial DND powder contains strong agglomerates (agglutinates) with mean sizes ranging
from 40 to 200 nm and consisting of 4–5 nm crystalline grains. Deagglomeration processes have been
just recently developed firstly by mechanical milling [41,42] then by the annealing process in different
atmospheres [43,44]. In dried industrial powders, individual DND particles form a hierarchical
structure of agglutinates [42,45,46]. The next level of agglomerates have an average size of more than
1 µm and can be easily destroyed [47].

DNDs are highly hygroscopic. As a matter of fact, in the atmosphere of air with the humidity
of ~60%, the amount of H in DNDs doubles [24]. This is mostly due to water molecules adsorbed
on the surface of DNDs containing H. Hydrophilic properties of DND are presumably due to the
–OH and –COOH groups residing on the surface. Hard fluorination replaces H by F thus increasing
the hydrophobicity.

Our measurements showed that the hygroscopicity of the freshly produced F-DND powder is
30 times lower than that of DNDs before the fluorination. The substitution of H by F on the DND
surface explains such a behavior.

Agglomeration of DNDs not only leads to an increase in the size of scattering objects but also
modifies the pores between DNDs. Neutron scattering by a vacuum cavity of a certain size located in a
continuous medium resembles scattering by a particle of this substance of the same size in a vacuum.
Pore sizes include values both significantly smaller and larger than the sizes of individual DNDs [48].

One of the basic principles of the operation of DND neutron reflectors is the fact that coherent
neutron scattering by atoms of a nanoparticle is strongly enhanced, while the inelastic scattering is not.
Therefore, neutron scattering by DNDs is mainly elastic, and the dynamics of the system does not play
its role. Therefore, the scattering and transfer of neutrons in DND powders is determined by properties
and the relative position of DNDs, and not by the strength of the physical and chemical bonds between
them. In this paper, we distinguish agglomerates and clusters. By clusters, we mean the areas of denser
packing of DNDs as only such clusters are relevant to neutron scattering. In the zeroth approximation,
the relevant parameter is the average volume density of the cluster. The properties of clusters that are
important for the diffusion and transport of neutrons might not coincide with properties evaluated by
other methods.

2.2. Rationale for the Choice of Experimental Methods

Many methods can be used in material and neutron science to measure the sizes of DNDs
and their clusters in DND powders. They include neutron (SANS) and X-ray (SAXS) small-angle
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scattering, neutron (ND) and X-ray (XRD) diffraction, neutron quasi-specular reflection (NQSR), TEM,
scanning electron microscopy (SEM), dynamic light scattering (DLS), etc. They provide fundamentally
different information and can only be used to address specific questions.

SANS provides the most direct and unambiguous information for the analysis of scattering and
transport of slow neutrons in DND powders. It is sensitive to both individual DNDs and their clusters.
The results of SANS measurements are presented in Section 3.1. As the probability and angular
characteristics of scattering depend on the neutron velocity, one has to use models for applying the
measured results to other neutron velocities and scattering angles. In this work, we propose a model
of discrete-size diamond nanospheres. It is described in Section 3.2.

SAXS is sensitive to the electronic structure of the substance, but not to the neutron-optical
potential (such as SANS is). In particular, the contribution of H atoms to SAXS is much smaller than it is
to SANS, while the contribution of heavy metallic impurities is relatively higher. However, in the case
of DND powders, SAXS and SANS give similar results, because the scattering is defined by C atoms,
while other impurities are small. Figure 2 gives an example of the result obtained from SAXS data.
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Figure 2. The probability density as a function of radius (nm) evaluated using neutron
small-angle scattering (SANS) (red thick dashed line), X-ray small-angle scattering (SAXS) (black
thin dash-double-dotted line), TEM (black thin dash-dotted line), and dynamic light scattering (DLS)
(black thin solid line). The vertical black dotted line indicates a mean radius measured with XRD.
All measurements are performed with F-DND samples, except for SAXS, which is performed with a
DND sample. The details of the different measurements are given below in the text.

Methods of diffraction and small-angle scattering of neutrons and X-rays are complementary to
each other and provide detailed information on scattering properties of powder samples.

ND and XRD provide similar information, and are sensitive to the crystal structure of diamond
cores. These methods are not sensitive to DND sp2 shells and clusters. XRD results are presented in
Section 3.3.

NQSR at time-of-flight reflectometers provides simultaneously the information contained in all
these methods. However, multiple neutron scattering, which is important for implementing this
method, requires the use of one or another model to analyze the results.

TEM and SEM serve for the visualization of the powder structure. These methods allow
evaluating both the sizes of DNDs (including sp2 shells) and the sizes and structure of clusters.
However, the accurate determination of size distributions is more difficult than it is in the case of
neutron and X-ray scattering because it requires the analysis of a large number of images. Examples of
TEM and SEM images can be found in Figure 1 and Figure 6.

DLS is less effective for studies of DND neutron reflectors, because it studies a fundamentally
different phenomenon. It is sensitive to the motion of individual DNDs and their agglomerates in liquid
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dispersions as a whole. In addition, the agglomerates of DNDs in liquid dispersions and ones in the
initial dry powders are different [19]. In addition, the size of DNDs obtained this way is overestimated
as it includes water layers entrained by the DND as it moves. Even if there is only a small fraction of
large particles, the mean size obtained may appear larger than the real one [49].

To illustrate this comparison of the methods, in Figure 2 we present the results obtained by the
SANS, SAXS, XRD, TEM, and DLS methods. SANS, SAXS, XRD, and TEM give compatible results.
Two or more closely spaced DNDs can produce nearly the same SANS and SAXS images as a single
larger DND [6]. This effect, apparently, explains the larger sizes obtained by the SANS and SAXS
methods. Note that in the model of discrete-size diamond nanospheres presented in Section 3.2 as well
as in the majority of other models that describe SANS and SAXS data, such interference effects are
ignored. The difference in the estimation of the mean size of scatterers for all these methods (SANS,
SAXS, XRD, TEM), on the one hand, and DLS, on the other hand, is of an order of magnitude. It is
related to the fact that they characterize different details of the DND structure. The value of 50–100 nm
measured by DLS is typical for the size of agglomerates [44,50].

3. Experimental Results

3.1. Small-Angle Neutron Scattering

We measured SANS on powder samples using two instruments: The D11 instrument at ILL [51–53]
and the YuMO time-of-flight spectrometer in a two-detectors mode at FLNP, JINR [54]. The neutron
wavelength at D11 was 6 Å and the range of transferred momenta of 10−2 nm−1 < Q < 100 nm−1.
The neutron wavelengths at YuMO were 0.7–5.0 Å and the range of transferred momenta of 7 × 10−2

nm−1 < Q < 101 nm−1. The measured scattering curves for the YuMO spectrometer were corrected for
the background scattering from the empty cuvette. The absolute calibration of the scattered intensity
was made using the vanadium standard in the SAS program [55].

The samples were placed inside standard high precision cells made of Quartz SUPRASIL with
the light path of 1 mm at D11 and dur-aluminum cells with the light path and windows thickness of
1 mm at YuMO. The sample density of both types were equal to each other, 0.24 ± 0.01 g/cm3, at D11,
and it was equal to 0.33 ± 0.01 and 0.36 ± 0.01 g/cm3 at YuMO for DNDs and F-DNDs, respectively.
The powder compaction by tapping explains its higher density for the use at YuMO.

Figure 3 shows the neutron scattering intensity as a function of the transferred momentum.
The data from D11 and YuMO have been merged. In the intersecting range of transferred momenta,
two sets of data coincide within the experimental accuracy. Scattering curves for two types of samples
are indistinguishable in almost the entire range of transferred momenta; a minor difference is observed
only for Q > 3 × 100 nm−1. This observation means that fluorination does not significantly affect the
primary clusters in the radii range of 0.6–200 nm, as well as the neutron scattering of individual DNDs.
This result is important for two reasons. First, fluorination removes sp2 C, and we are interested in
how it affects clustering. Second, fluorination replaces at least 8% [27] of atoms in the powder with
atoms which the nuclei have significantly different scattering lengths (−3.74 and 5.64 fm, for 1 H and
19 F, respectively).

As effects of both these factors appeared to be virtually absent, we performed a triple check
of the reliability of this conclusion. In addition to the described measurements at D11 and YuMO,
we performed another measurement at D11 with another pair of samples of the same type. The result of
this experiment confirmed the almost identical scattering curves, with a slightly higher total probability
of neutron scattering for the F-DND sample. This conclusion is in apparent contradiction to the
results of reference [56], which states that fluorination destroys agglomerates. In fact, these two works
study agglomerates/clusters of different characteristic sizes. While we are interested in the sizes of
0.6–200 nm, which are of importance for the diffusion of slow neutrons in DND powders, the authors
of reference [56] measured larger objects, which are indeed more easily destroyed.
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3.2. A Model of Discrete-Size Diamond Nanospheres

For a quantitative analysis of neutron and X-ray scattering on DNDs and their clusters,
we developed the following model of discrete-size diamond nanospheres. We simulated both
the DNDs and their clusters with diamond nanospheres. We assumed a discrete set of nanosphere
sizes, in which the next generation nanosphere radius is larger than the previous one by a certain
factor. In the calculations presented below, the radii are uniformly distributed on a logarithmic scale,
with 20 values of the radius by an order of magnitude.

We adjusted populations of DNDs/clusters of each generation to fit the experimental data.
The fitting procedure is stable with respect to the parameter choice of the model (the initial populations
of cluster generations, the step of increasing the mass of clusters of the next generation, the boundaries
of the mass range if it sufficiently broad). The results of simulations for the two data sets, for DNDs
and F-DNDs, are practically indistinguishable. Figure 4 illustrates the comparison of measured and
simulated intensities of SANS from F-DND samples.
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data. The thin blue line shows the results of the simulation within the model of discrete-size diamond
nanospheres, and the thick red line contains in addition the background intensity of 9·10−3 nm−1.



Materials 2020, 13, 3337 8 of 13

Figure 5 shows the mass distribution of populations of DNDs and clusters of different generations
evaluated within the model of discrete-size diamond nanospheres for the F-DND sample. Although the
mass fraction contained in large clusters is relatively small, they determine the neutron scattering in
the region of small transferred momenta Q shown in Figures 3 and 4.
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When analyzing the size distribution of diamond nanospheres, it should be taken into account
that actually existing clusters are significantly different from the diamond density and the shape that
does not coincide with the ideal nanosphere. The neutron scattering cross section on a real cluster
is smaller than the scattering cross section on an ideal diamond nanosphere. Therefore, the number
of clusters is greater than that obtained in our model as many times as the scattering cross sections
differ. On the other hand, to calculate neutron diffusion in diamond nanopowders, the diamond
nanosphere model gives a good approximation. Respectively, the total mass concentrated in diamond
nanospheres, estimated in the framework of our model, turns out to be lower than the total mass of the
powder. This feature in its effective form represents the presence of C in non-diamond phases (sp2),
non-C elements, scattering by pores, the difference between the shape of diamond cores of DNDs and
ideal nanospheres, interference of scattering on neighbor DNDs, etc. In a sense, this simple model of
clustering is analogous to expanding of a mathematical function in a series into simple basis functions.
The amplitude of each term of the decomposition does not directly reflect the physical reality but
allows analyzing the overall behavior of the investigated function. The effective mass of the powder,
evaluated this way, is its useful characteristic. It yields the mass fraction of powder that is effectively
involved in neutron scattering. The remaining mass is effectively involved in neutron loss, but does not
participate in the scattering. The larger the effective mass, the greater the efficiency of the DND powder
for neutron reflection is. For this particular F-DND sample and its conditioning used, the effective
mass is ~63%; for DNDs, it is by the way nearly the same.

These results show that DND and F-DND powders are the same in the radii range of
powder structures from 0.6 to 200 nm. The maximum sizes of agglomerates that we observe in
the present measurements are in the size range of agglutinates. Thus, one can conclude that,
for SANS, fluorination does not change the size of individual DNDs and the size and structure of
primary agglomerates.

3.3. SEM

Figure 6 illustrates the presence of clusters of DNDs in both raw DND and F-DND samples.
We selected two out of many available images measured using the SEM. There are no visible
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modifications of the powder structure due to the fluorination process. The nanopowder structure
features were examined by an ultra-high-resolution microscope Hitachi SU8020 equipped with a cold
field cathode. DND samples were examined on the aluminum stage using a silver glue and coated
with a thin layer of gold-palladium alloy by magnetron sputtering to make it electrically conductive.
The layer thickness is ~20 nm, but it is not uniform.
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3.4. X-ray Powder Diffraction

Unlike SANS, XRD only measures diamond cores of DNDs. Amorphous shells of sp2 C atoms
onto DND cores do not contribute to the diffraction signal. Thus, we performed such a measurement
to verify the effect of fluorination on diamond cores and estimate the mean size of the cores.

XRD and SAXS data from powders in quartz capillaries were collected at the ID23 beamline at
ESRF using a PILATUS 6 M area detector with 0.6888 Å wavelength X-rays. Data are reduced using
the SNBL toolbox [57] and Fit2 D [58] software.

The lattice spacing parameters nearly coincide with those for bulk diamond crystal; they are
smaller by ~10−3. The four hundred and twenty-two powder diffraction line indicates the smallest
spacing and allows the best sensitivity to the particle size effect to be achieved. The comparison of the
lines for DNDs and F-DNDs shows that the coherent scattering regions, presumably coinciding with
the DND cores, remain intact upon the fluorination (Figure 7).
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Figure 7. Powder diffraction for DND (black lower line) and F-DND (red upper line, shifted in intensity
for better visibility) samples in the proximity of a 422 Debye-Scherrer ring. Full width at half maximum
(FWHM) from the Lorentz line shape fit were evaluated to 1.343 ± 0.018 and 1.354 ± 0.022 for DND and
F-DND samples, respectively, therefore coinciding. The mean size of DND cores is 4.3 nm.
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4. Discussion

The virtual absence of a fluorination effect on scattering properties of DNDs was not obvious until
the present experimental study and therefore it deserves a discussion. We know certain information
about the changes of DND composition upon fluorination. The mass of DNDs remains almost
unchanged, while H and amorphous sp2 shell of the DND were almost completely eliminated [27].
The ratio of F and C atoms in F-DND is F/C = 0.09 [29]. The fluorination at least partially removes one
more major impurity, and namely oxygen, in which the fraction can reach 10% [59]. The fraction of N
may decrease, but it has not been studied quantitatively. The neutron activation analysis showed that
the composition and amount of metallic impurities in powders did not change noticeably [27].

Based on these data, we have to assume that the presence of F compensates the removal/reduction
of sp2 C, H, O, N, and other elements. The coherent scattering cross section of the DND is proportional
to the square of the sum of corresponding scattering lengths of all nuclei in the DND. The scattering
lengths of these elements are 5.65 fm on one side and 6.65, −3.74, 5.80, and 9.36 fm on the other one,
respectively. The fractions of elements required for such a compensation are compatible with the
existing experimental data. However, this compensation is not sufficient. The angular characteristics
of neutron scattering are determined by the shape and size of the scatterers in the DND. The XRD
data show that diamond cores do not change upon the fluorination. The SANS data show that the
fluorination does not change the shape and characteristic sizes of DNDs as well taking into account the
impurity layer on their surface.

On the other hand, the prompt-γ analysis revealed the large reduction of the probability of
incoherent scattering due to the 30-fold reduction of the fraction of H, with its exceptionally large
incoherent scattering cross section σH

in.sc. = 108 ± 2 b. This effect has led to a major reduction in
neutron losses during neutron transport in powder, but to a much smaller effect on the results of SANS
and a negligible effect on the results of XRD. The SANS data for DND and F-DND shown in Figure 3
are compatible with this statement. Incoherent scattering of neutrons by H explains the high scattering
intensity I(Q) only at Q > 7·× 100 nm. This difference of the scattering curves for DND and F-DND is
compatible with the reduction of H upon fluorination observed in reference [27].

As it was noted in several publications [19–21], the agglomeration/clustering of DNDs plays a
major role in scattering properties of DND powders. In particular, clustering increases straightforward
scattering and at the same time it decreases the fraction of “visible” small DNDs, which define neutron
scattering to large angles relevant to neutron reflectors. In terms of the model of discrete-size diamond
nanospheres, clustering decreases the effective mass of powder. The rest mass contributes to losses but
not to the scattering thus decreasing the efficiency of the reflector. In order to estimate the scale of this
problem and investigate methods on how to tackle it, provided it is important, a dedicated study will
be performed by us in the near future.

5. Conclusions

We have studied the effect of the fluorination of DNDs on their structure and clustering, and found
that it does not significantly affect both small-angle neutron scattering on individual DNDs as well as
sizes and structure of clusters in the radii range of 0.6−200 nm. We conclude that the overall increase
in neutron reflectivity is primarily due to the large reduction of neutron losses in the powder caused
by the replacement of H by F.

To analyze the neutron scattering data, we developed a model of discrete-size diamond
nanospheres. It is easy to use and can be applied in the future as a universal tool to compare
results of measurements with other nanodiamond samples.

We have confirmed that the effect of clustering of DNDs is significant when analyzing neutron
scattering and neutron transport in DNDs powders. Further studies are required to understand how
to reduce the clustering to improve the reflection efficiency of slow neutrons by DND powders.



Materials 2020, 13, 3337 11 of 13

Author Contributions: Conceptualization, E.L., A.M., V.N., G.N., A.N., and A.S.; methodology, A.B., A.D., M.D.,
O.I., E.L., A.M., V.N., G.N., A.N., R.S., A.V., and K.Z.; software, A.N. and R.S.; validation, A.B., A.D., M.D., O.I.,
E.L., A.M., V.N., G.N., A.N., A.S., R.S., A.V., and K.Z.; formal analysis, A.B., M.D., V.N., A.N., R.S., and K.Z.;
investigation, A.B., A.D., M.D., O.I., E.L., A.M., G.N., V.N., A.N., R.S., A.S., and K.Z.; data curation, A.B., A.D.,
O.I., A.M., V.N., A.N., R.S., A.V., and K.Z.; writing—original draft preparation, V.N., A.B., M.D., A.M., and A.N.;
writing—review and editing, A.D., E.L., A.M., V.N., R.S., A.V., and K.Z.; visualization, A.B. and A.N.; funding
acquisition, E.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants RFFI-18-29-19039 and ERC INFRASUP P-2019-1/871072,
CREMLINplus grant agreement 871072.

Acknowledgments: Neutron data were obtained in experiments at ILL, Grenoble, France:
doi:10.5291/ILL-DATA.3-07-386, doi:10.5291/ILL-DATA.3-07-361. The SAXS data are used from the report
of MinNauki State contract Π1335. This work benefited from the use of the SASView (http://www.sasview.
org/download/) application, originally developed under the NSF award DMR-0520547. SasView contains code
developed with funding from the European Union’s Horizon 2020 research and innovation programme under
the SINE2020 project, grant agreement no. 654000. The authors are grateful to M. Mikhaylov (NRC “Kurchatov
Institute”—CRISM “Prometey”, St. Petersburg) for producing the TEM images of ND and F-ND samples, to Olga
Kristavchuk and Oleg Orelovich (Flerov Laboratory of Nuclear Reactions, JINR, Dubna) for their help with
producing SEM images of ND and F-ND samples, and to V.A. Artem’ev for the useful discussions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Sheng, P. Scattering and Localization of Classical Waves in Random Media; World Scientific: Singapore, 1990.
2. Schelten, J.; Shmatz, W. Multiple-scattering treatment for small-angle scattering problems. J. Appl. Cryst.

1980, 13, 385–390. [CrossRef]
3. Maleev, S.V.; Toperverg, B.P. Low-angle multiple scattering by static inhomogeneities. Jetp Lett. 1980,

51, 158–165.
4. Feigin, L.A.; Svergun, D.I. Structure Analysis by Small-Angle X-ray and Neutron Scattering; Plenum Press: New

York, NY, USA, 1987.
5. Sabine, T.M.; Bertram, W.K. The use of multiple-scattering data to enhance small-angle neutron scattering

experiments. Acta Cryst. 1999, 55, 500–507. [CrossRef] [PubMed]
6. Ishimaru, A. Wave Propagation and Scattering in Random Media; Wiley-IEEE Press: Piscataway, NJ, USA, 1999.
7. Greiner, N.R.; Philips, D.S.; Johnson, J.C. Diamonds in detonation soot. Nature 1988, 333, 440–442. [CrossRef]
8. Aleksenskii, A.E.; Baidakova, M.V.; Vul’, A.Y.; Sikitskii, V.I. The structure of diamond nanoclusters.

Phys. Solid State 1999, 41, 668–671. [CrossRef]
9. Nesvizhevsky, V.V. Interaction of neutrons with nanoparticles. Phys. Nucl. 2002, 65, 400–408. [CrossRef]
10. Artem’ev, V.A. Estimation of neutron reflection from nanodispersed materials. Energy 2006, 101, 901–904.

[CrossRef]
11. Nesvizhevsky, V.V.; Lychagin, E.V.; Muzychka, A.Y.; Strelkov, A.V.; Pignol, G.; Protasov, K.V. The reflection

of very cold neutrons from diamond powder nanoparticles. Nucl. Instrum. Meth. A 2008, 595, 631–636.
[CrossRef]

12. Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Pignol, G.; Protasov, K.V.; Strelkov, A.V. Storage of very
cold neutrons in a trap with nano-structured walls. Phys. Lett. B 2009, 679, 186–190. [CrossRef]

13. Nesvizhevsky, V.V.; Cubitt, R.; Lychagin, E.V.; Muzychka, A.Y.; Nekhaev, G.V.; Pignol, G.; Protasov, K.V.;
Strelkov, A.V. Application of diamond nanoparticles in low-energy neutron physics. Materials 2010, 3,
1768–1781. [CrossRef]

14. Cubitt, R.; Lychagin, E.V.; Muzychka, A.Y.; Nekhaev, G.V.; Nesvizhevsky, V.V.; Pignol, G.; Protasov, K.V.;
Strelkov, A.V. Quasi-classical albedo of cold neutrons from powder of nanoparticles. Nucl. Instrum. Meth. A
2010, 622, 182–185. [CrossRef]

15. Zousman, B.; Levinson, O. Pure nanodiamonds produced by laser-assisted technique. In Nanodiamond;
Williams, O., Ed.; RSC Nanoscience & Nanotechnology: London, UK, 2014.

16. Ignatovich, V.K.; Nesvizhevsky, V.V. Reflection of slow neutrons from nanorod powder. Energy 2014,
116, 132–143. [CrossRef]

http://www.sasview.org/download/
http://www.sasview.org/download/
http://dx.doi.org/10.1107/S0021889880012356
http://dx.doi.org/10.1107/S0108767398013543
http://www.ncbi.nlm.nih.gov/pubmed/10926693
http://dx.doi.org/10.1038/333440a0
http://dx.doi.org/10.1134/1.1130846
http://dx.doi.org/10.1134/1.1465480
http://dx.doi.org/10.1007/s10512-006-0189-y
http://dx.doi.org/10.1016/j.nima.2008.07.149
http://dx.doi.org/10.1016/j.physletb.2009.07.030
http://dx.doi.org/10.3390/ma3031768
http://dx.doi.org/10.1016/j.nima.2010.07.049
http://dx.doi.org/10.1007/s10512-014-9830-3


Materials 2020, 13, 3337 12 of 13

17. Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Nekhaev, G.V.; Pignol, G.; Protasov, K.V.; Strelkov, A.V.
Coherent scattering of slow neutrons at nanoparticles in particle physics experiments. Nucl. Instrum. Meth. A
2009, 611, 302–305. [CrossRef]

18. Nesvizhevsky, V.V. Reflectors for VCN and applications of VCN. Rev. Mex. Fis. 2011, 57, 1–5.
19. Ersez, T.; Osborn, J.C.; Lu, W.; Mata, J.P. Small angle and inelastic scattering investigation of nanodiamonds.

Phys. B 2018, 551, 278–282. [CrossRef]
20. Teshigawara, M.; Tsuchikawa, Y.; Ichikawa, G.; Takata, S.; Mishima, K.; Harada, M.; Ooi, M.; Kawamura, Y.;

Kai, T.; Ohira-Kawamura, S.; et al. Measurement of neutron scattering cross section of nano-diamond with
particle diameter of approximately 5 nm in energy range of 0.2 meV to 100 meV. Nucl. Instrum. Meth. A 2019,
929, 113–120. [CrossRef]

21. Grammer, K.B.; Gallmeier, F.X. The small-angle neutron scattering extension in MCNPX and the SANS cross
section for nanodiamonds. Nucl. Instrum. Meth. A 2020, 953, 163226. [CrossRef]

22. Granada, J.R.; Damain, J.I.; Helman, C. Studies on reflector materials for cold neutrons. Eur. Phys. J. Web Conf.
2020, 231, 04002. [CrossRef]

23. Jamalipour, M.; Zanini, L.; Gorini, G. Directional reflection of cold neutrons using nanodiamond particles for
compact neutron sources. Eur. Phys. J. Web Conf. 2020, 231, 04003. [CrossRef]

24. Krylov, A.R.; Lychagin, E.V.; Muzychka, A.Y.; Nesvizhevsky, V.V.; Nekhaev, G.V.; Strelkov, A.V.; Ivanov, A.S.
Study of bound hydrogen in powders of diamond nanoparticles. Cryst. Rep. 2011, 56, 1186–1191. [CrossRef]

25. Mochalin, V.N.; Shenderova, O.; Ho, D.; Gogotsi, Y. The properties and applications of nanodiamonds.
Nat. Nanotechnol. 2012, 7, 11–23. [CrossRef] [PubMed]

26. Krueger, A. Current issues and challenges in surface chemistry of nanodiamonds. In Nanodiamonds: Advanced
Material Analysis; Arnault, J.-C., Ed.; Elsevier: Amsterdam, The Netherlands, 2017; pp. 184–242, Chapter 8.

27. Nesvizhevsky, V.V.; Koester, U.; Dubois, M.; Batisse, N.; Frezet, L.; Bosak, A.; Gines, L.; Williams, O.
Fluorinated nanodiamonds as unique neutron reflector. Carbon 2018, 130, 799–805. [CrossRef]

28. Nesvizhevsky, V.V.; Koester, U.; Dubois, M.; Batisse, N.; Frezet, L.; Bosak, A.; Gines, L.; Williams, O.
Fluorinated nanodiamonds as unique neutron reflector. J. Neutron Res. 2018, 20, 81–82. [CrossRef]

29. Herraiz, M.; Batisse, N.; Dubois, M.; Nesvizhevsky, V.V.; Cavallari, C.; Brunelli, M.; Pischedda, V.; Radescu
Cioranescu, S. A multi-technique study of fluorinated nanodiamonds for low-energy neutron physics
applications. J. Phys. Chem. C 2020, in press. [CrossRef]

30. Nesvizhevsky, V.V.; Dubois, M.; Gutfreund, P.H.; Lychagin, E.V.; Nezvanov, A.Y.; Zhernenkov, K.N. Effect of
nanodiamond fluorination on the efficiency of quasispecular reflection of cold neutrons. Phys. Rev. A 2018,
97, 023629. [CrossRef]

31. Batsanov, S.S.; Osavchuk, A.N.; Naumov, S.P.; Gavrilkin, S.M.; Batsanov, A.S. Novel synthesis and properties
of hydrogen-free detonation nanodiamond. Mater. Chem. Phys. 2018, 216, 120–129. [CrossRef]

32. Vul’, A.; Shenderova, O. Detonation Nanodiamonds: Science and Applications; Pan Stanford Publishing:
Singapore, 2014.

33. Williams, O. Nanodiamond; RSC Publishing: Cambridge, UK, 2014.
34. Baidakova, M.; Vul’, A. New prospects and frontiers of nanodiamond clusters. J. Phys. D Appl. Phys. 2007,

40, 6300. [CrossRef]
35. Badziag, P.; Verwoerd, W.S.; Ellis, W.P.; Greiner, N.R. Nanometre-sized diamonds are more stable than

graphite. Nature 1990, 343, 244–245. [CrossRef]
36. Raty, J.Y.; Galli, G.; Bostedt, C.; van Buuren, T.W.; Terminello, L.J. Quantum confinement and fullerene like

surface reconstructions in nanodiamonds. Phys. Rev. Lett. 2003, 90, 037401. [CrossRef]
37. Barnard, A.S.; Sternberg, M. Crystallinity and surface electrostatics of diamond nanocrystals. J. Mater. Chem.

2007, 17, 4811–4819. [CrossRef]
38. Aleksenskii, A.E.; Baidakova, M.V.; Vul’, A.Y.; Dideikin, A.T.; Sikitskii, V.I.; Vul’, S.P. Effect of hydrogen on

the structure of ultradisperse diamond. Phys. Solid State 2000, 42, 1575–1578. [CrossRef]
39. Palosz, B.; Grzanka, E.; Gierlotka, S.; Stel’makh, S.; Pielaszek, R.; Bismayer, U.; Neuefeind, J.; Weber, H.-P.;

Proffen, T.; von Dreele, R.; et al. Analysis of short and long range order in nanocrystalline diamonds with
application of powder diffractometry. Z. Fur Krist. 2002, 217, 497–509. [CrossRef]

40. Avdeev, M.V.; Aksenov, V.L.; Tomchuk, O.V.; Bulavin, L.A.; Garamus, V.M.; Osawa, E. The spatial
diamond-graphite transition in detonation nanodiamond as revealed by small-angle neutron scattering.
J. Phys. Condens. Mater. 2013, 25, 445001. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.nima.2009.07.086
http://dx.doi.org/10.1016/j.physb.2018.04.027
http://dx.doi.org/10.1016/j.nima.2019.03.038
http://dx.doi.org/10.1016/j.nima.2019.163226
http://dx.doi.org/10.1051/epjconf/202023104002
http://dx.doi.org/10.1051/epjconf/202023104003
http://dx.doi.org/10.1134/S1063774511070169
http://dx.doi.org/10.1038/nnano.2011.209
http://www.ncbi.nlm.nih.gov/pubmed/22179567
http://dx.doi.org/10.1016/j.carbon.2018.01.086
http://dx.doi.org/10.3233/JNR-180090
http://dx.doi.org/10.1021/acs.jpcc.0c03083
http://dx.doi.org/10.1103/PhysRevA.97.023629
http://dx.doi.org/10.1016/j.matchemphys.2018.05.072
http://dx.doi.org/10.1088/0022-3727/40/20/S14
http://dx.doi.org/10.1038/343244a0
http://dx.doi.org/10.1103/PhysRevLett.90.037401
http://dx.doi.org/10.1039/b710189a
http://dx.doi.org/10.1134/1.1307073
http://dx.doi.org/10.1524/zkri.217.10.497.20795
http://dx.doi.org/10.1088/0953-8984/25/44/445001
http://www.ncbi.nlm.nih.gov/pubmed/24055978


Materials 2020, 13, 3337 13 of 13

41. Osawa, E. Monodisperse single nanodiamond particles. Pure Appl. Chem. 2008, 80, 1365–1379. [CrossRef]
42. Krüger, A.; Kataoka, F.; Ozawa, M.; Fujino, T.; Suzuki, Y.; Aleksenskii, A.E.; Vul’, A.Y.; Osawa, E. Usually tight

aggregation in detonation nanodiamond: Identification and disintegration. Carbon 2005, 43, 1722–1730.
[CrossRef]

43. Williams, O.; Hees, J.; Dieker, C.; Jager, W.; Kirste, L.; Nebel, C.E. Size-dependent reactivity of diamond
nanoparticles. Acn Nano 2010, 4, 4824–4830. [CrossRef]

44. Aleksenskii, A.E.; Eydelman, E.D.; Vul’, A.Y. Deagglomeration of detonation nanodiamonds.
Nanosci. Nanotechnol. Lett. 2011, 3, 68–74. [CrossRef]

45. Avdeev, M.V.; Aksenov, V.L.; Rosta, L. Pressure induced charges in fractal structure of detonation nanodiamond
powder by small-angle neutron scattering. Diam. Relat. Mater. 2007, 16, 2050–2053. [CrossRef]

46. Chang, L.-Y.; Osawa, E.; Barnard, A.S. Confirmation of the electrostatic self-assembly of nanodiamonds.
Nanoscale 2011, 3, 958–962. [CrossRef]

47. Osawa, E.; Sasaki, S.; Yamanoi, R. Chapter 6 Deagglomeration of Detonation Nanodiamond.
In Ultrananocrystalline Diamond: Synthesis, Properties and Applications; Shenderova, O.A., Gruen, D.M.,
Eds.; Elsevier: Amsterdam, The Netherlands, 2012.

48. Korobov, M.V.; Batuk, M.; Avramenko, N.V.; Ivanova, N.I.; Rozhkova, N.N.; Osawa, E. Aggregate structure
of single nano-buckydiamond in gel and dried powder by differential scanning calorimetry and nitrogen
adsorption. Diam. Relat. Mater. 2010, 19, 665–671. [CrossRef]

49. Bouanani, F.; Bendedouch, D.; Teixeira, J.; Marx, L.; Hemery, P. Characterization of a miniemulsion by DLS
and SANS. Colloids Surf. 2012, 404, 47–51. [CrossRef]

50. Aleksenskii, A.E.; Osipov, V.Y.; Dideikin, A.T.; Vul’, A.Y.; Andriaenssens, G.J.; Afanas’ev, V.V.
Ultradisperse diamond cluster aggregation studied by atomic force microscopy. Technol. Phys. Lett.
2000, 26, 819–821. [CrossRef]

51. Linder, P.; Zemb, T. Neutrons, X-ray and Light: Scattering Methods Applied to Soft Condensed Matter; Elsevier:
Amsterdam, The Netherlands, 2002.

52. Linder, P.; Schweins, R. The D11 small-angle scattering instrument: A new benchmark for SANS. Neutron
News 2010, 21, 15–18. [CrossRef]

53. Richard, D.; Ferrand, M.; Kearley, G.J. Analysis and visualization of neutron-scattering data. J. Neutron Res.
1996, 4, 33–39. [CrossRef]

54. Kuklin, A.I.; Rogachev, A.V.; Soloviov, D.V.; Ivankov, O.I.; Kovalev, Y.S.; Utrobin, P.K.; Gordeliy, V.I.
Neutronographic investigations of supramolecular structures on upgraded small-angle spectrometer YuMO.
J. Phys. Conf. Ser. 2017, 848, 012010. [CrossRef]

55. Soloviev, A.G.; Solovjeva, T.M.; Ivankov, O.I.; Soloviov, D.V.; Rogachev, A.V.; Kuklin, A.I. SAS program for
two-detector system: Seamless curve from both detectors. J. Phys. Conf. Ser. 2017, 848, 012020. [CrossRef]

56. Liu, Y.; Gu, Z.; Magrave, J.L.; Khabashesku, V.N. Functionalization of nanoscale diamond powder: Fluoro-,
alkyl-, amino-, and amino acid-nanodiamond derivatives. Chem. Mater. 2004, 16, 3924–3930. [CrossRef]

57. Dyadkin, V.; Pattison, P.; Dmitriev, V.; Chernyshov, D. A new multipurpose diffractometer PILATUS@SNBL.
J. Synchr. Rad. 2016, 23, 825–829. [CrossRef]

58. Hammersley, A.P.; Svensson, S.O.; Hanfland, M.; Fitch, A.N.; Haussermann, D. Two-dimensional detector
software: From real detector to idealized image or two-theta scan. High Press. Res. 1996, 14, 235–248. [CrossRef]

59. Dolmatov, V.Y. Detonation synthesis ultra-dispersed diamonds: Properties and applications. Russ. Chem. Rev.
2001, 70, 607–626. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1351/pac200880071365
http://dx.doi.org/10.1016/j.carbon.2005.02.020
http://dx.doi.org/10.1021/nn100748k
http://dx.doi.org/10.1166/nnl.2011.1122
http://dx.doi.org/10.1016/j.diamond.2007.07.023
http://dx.doi.org/10.1039/c0nr00883d
http://dx.doi.org/10.1016/j.diamond.2010.02.032
http://dx.doi.org/10.1016/j.colsurfa.2012.04.011
http://dx.doi.org/10.1134/1.1315505
http://dx.doi.org/10.1080/10448631003697985
http://dx.doi.org/10.1080/10238169608200065
http://dx.doi.org/10.1088/1742-6596/848/1/012010
http://dx.doi.org/10.1088/1742-6596/848/1/012020
http://dx.doi.org/10.1021/cm048875q
http://dx.doi.org/10.1107/S1600577516002411
http://dx.doi.org/10.1080/08957959608201408
http://dx.doi.org/10.1070/RC2001v070n07ABEH000665
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Samples 
	Rationale for the Choice of Experimental Methods 

	Experimental Results 
	Small-Angle Neutron Scattering 
	A Model of Discrete-Size Diamond Nanospheres 
	SEM 
	X-ray Powder Diffraction 

	Discussion 
	Conclusions 
	References

