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Diamonds with impurity-vacancy centers are an attractive material for microphotonics and can be used, for
example, as single photon emitters. Detonation nanodiamonds (DNDs) with intrinsic single nitrogen-vacancy
(NV) centers are cheap and suitable for mass production. This paper proposes a way to overcome the two
main properties of the DNDs: the tendency to agglomeration and the presence of a thick shell of sp?-hybridized
carbon around each detonation nanodiamond particle. It is shown that SiO; aerogel with uniformly distributed
single diamond nanocrystals compressed to 7.5 GPa at 250 °C irreversibly transforms into a dense and chemically
inert material. Subsequent treatment of this material in a hydrogen atmosphere at 7.5 GPa and 600 °C passivates
dangling bonds in the silica matrix and eliminates its parasitic luminescence. The hydrogenation also largely
removes the sp? shells from DNDs and converts their neutral NV° centers into more useable negatively charged
NV~ centers. After each stage of preparing the dense DNDs/SiO2 composite, the material was examined by X-ray

diffraction and Infrared and Raman spectroscopy.

1. Introduction

In the development of new composite materials, considerable
attention is paid to diamond nanoparticles synthesized by the detona-
tion synthesis method and known as detonation nanodiamonds (DNDs)
[1-3]. The interest in such materials is due to the unique properties of
diamond, such as high thermal conductivity, chemical inertness and
record mechanical characteristics, which can be used in composites. In
the last two decades, particular attention has been attracted to the
diamond nanoparticles with a high concentration of luminescent (or
color) centers, which are negatively charged nitrogen vacancy (NV™)
centers. Their unique energy structure ensures high sensitivity of pho-
toluminescence in the visible spectral region to external influences, such
as magnetic and electric fields, temperature and pressure [4].

The preferential development of research on NV centers compared to
other color centers, such as SiV, is due to the high concentration of
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impurity nitrogen atoms in diamond crystals. Indeed, in the traditional
synthesis of diamonds from graphite at high pressures and temperatures
(HPHT) in the presence of a metal catalyst, the concentration of nitrogen
reaches 50-100 ppm. The high nitrogen concentration is due to the
capture of nitrogen atoms by the diamond crystal growing from the
molten metal catalyst. The source of nitrogen in HPHT is the air present
in the pores of the high-pressure cell [5]. The generally accepted tech-
nology for creating NV centers is to generate vacancies by irradiation
with protons or electrons and subsequent high-temperature annealing,
which ensures the diffusion of vacancies [6,7].

During the detonation synthesis of diamonds, the formation of NV
centers occurs according to a similar scheme: irradiation with protons or
electrons followed by thermal annealing. The high concentration of ni-
trogen in DNDs is due to the presence of nitrogen in the explosives used
[1,2]. Currently, two main technologies for obtaining diamond nano-
particles with NV centers are being developed in parallel: mechanical
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crushing and fractionation of bulk diamond single crystals synthesized
by the HPHT method, or disaggregation and fractionation of DNDs [8].

Comparing these two technologies, it should be noted that the pro-
duction of nanoparticles with a diameter of <10 nm from HPHT di-
amonds is a multi-stage and complex process, which limits their use, for
example, as biomarkers [9] or single-photon emitters [10]. At the same
time, DNDs, synthesized by the most common industrial method from a
mixture of 2,4,6-trinitrotoluene (TNT) and cyclotrimethylenetrinitr-
amine (RDX) [11], have a crystal size of 4-5 nm [1,2,8]. However, these
particles form strong aggregates with a hierarchical structure [12,13].

Present-day methods of mechanical disaggregation make it possible
to obtain powders and stable hydrosols of DNDs nanoparticles with the
size of 4-5 nm [12-14]. However, the disaggregation changes the sur-
face structure of the nanoparticles, and at a depth of 2-3 atomic layers,
the hybridization of the electron orbitals of carbon is transformed from
sp° (diamond) to sp? (graphite) leading to the formation of “onion-like
carbon”. This causes strong optical absorption in the visible spectrum, so
the particles still remain unsuitable for use as biomarkers [15,16] or
single photon emitters for quantum applications [10]. Obviously, the
formation of an optically transparent nanoparticle of detonation dia-
mond requires either the removal of the “sp? shell”, or a change in the
type of hybridization of carbon atoms on its surface from sp? to sp°.

Among the various applications of fluorescent diamond nano-
particles discussed in Ref. [17], the possibility of their use in medicine in
combination with silica materials is considered, for example, in drug
delivery systems [18]. In addition, Ref. [19] pointed out the possibility
of using a durable DNDs/SiO, composite coating for low temperature
sensors that are resistant to external influences.

The goal of our work was to study the possibility of embedding in-
dividual detonation nanodiamonds with luminescent NV~ centers,
active at room temperature, into a massive silicon matrix that is trans-
parent in the visible range and protects the nanodiamonds from negative
external factors.

In our recent work [20], we developed a method based on the sol-gel
SL protocol to prepare DNDs/SiO; aerogels, in which individual 4-5 nm
surface carboxylated DNDs particles are uniformly distributed within
silica aerogel cells. The SiO, aerogel is hydrophilic [21], brittle [22] and
exhibits strong parasitic luminescence [23], making it unsuitable for
many applications. However, since the aerogel already contains well
separated and immobilized individual nanodiamonds, it can be used as a
starting material to produce a bulk composite by irreversibly compact-
ing the material at high pressures and temperatures.

The composite is expected to no longer be brittle compared to the
aerogel. Nevertheless, the DNDs particles embedded in the compressed
silica matrix will remain covered with sp? shells. The shells not only
prevent light from passing into and out of the particles but also act as
electron traps and hamper the conversion of neutral NV° centers into
negatively charged NV~ centers with optical and spin properties desir-
able for applications [24,25].

The conversion of sp2 into sp3 is possible as a result of thermal
treatment of the material in hydrogen, as follows from the technology of
CVD synthesis of diamond films. In the case of nanoparticles of deto-
nation diamond, the effectiveness of such treatment was experimentally
confirmed in Ref. [26]. On the other hand, the surface carboxyl groups
present on the sp? shells are necessary for stabilizing the initial aqueous
suspension of disaggregated nanodiamonds and subsequent synthesis of
the aerogel [20,27]. Therefore, the sp2 shells can be passivated or
removed by hydrogen no earlier than the DNDs/SiO, aerogel is pre-
pared. However, in this case, the nanodiamond will be surrounded by
silica and the rate of reaction between the Hy and sp? shell will be
controlled by the amount of molecular hydrogen dissolved in the SiO,.
The solubility of hydrogen in SiO3 is known to significantly increase
with increasing pressure. For example, at a pressure of 7.5 GPa, the
solubility of molecular hydrogen in silica glass reaches a molar ratio of X
= 0.7 [28], while at pressures of several tens of atmospheres it does not
exceed thousandths of this ratio [29]. Consequently, the hydrogenation
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Fig. 1. A photo of a rod of the SiO; aerogel with 6 wt% DNDs annealed in air at
400 °C for 4 h.

of the sp? shells of DNDs is best carried out on a DNDs/SiO, composite
already compacted at a pressure of 7.5 GPa. In addition, the pressure of
7.5 GPa is within the thermodynamic stability range of diamond, which
prevents a possible sp® to sp? transition in nanodiamonds [30]. The
temperature of 600 °C that we chose for the hydrogenation at a pressure
of 7.5 GPa is low enough to avoid the reaction of carbon and hydrogen
with the SiO, matrix and to exclude the formation of compounds such as
SiC [31], SiH4 and H0 [32]. The interaction of high-pressure hydrogen
with sp? carbon of the DNDs embedded in a SiO, matrix has never been
studied before.

Based on previous high-pressure studies of the graphite-hydrogen
system [33], we planned to make use of one or both of the two
possible reactions, each of which should lead to the destruction of the
nanodiamonds shell. First, at a hydrogen pressure of 7.4 GPa and tem-
peratures up to about 700 °C, bulk graphite forms sp® multilayer
graphane, a dielectric with a large electron band gap and composition
CH. Second, at the same pressure and temperatures above approxi-
mately 750 °C, multilayer graphane and hydrogen form methane and/or
other light hydrocarbons.

In this work, the luminescence of the SiO, matrix and the NV° centers
in nanodiamonds was suppressed, and the shells themselves were largely
removed by hydrogenating the pre-compressed DNDs/SiO; pellets at a
hydrogen pressure of 7.5 GPa and a temperature of 600 °C. The
hydrogen that diffused through the SiO, matrix apparently passivated
the dangling bonds and other defects remaining on the previous surface
layers of the aerogel and on the sp? shells of the nanodiamonds. Most
importantly, the removal of the sp? shell of the DNDs transferred most of
the NV centers in the diamond cores to the negatively charged NV~
state, so that the luminescence of these centers became much more
intense than the remaining parasitic luminescence of the SiO2 matrix.

2. Experimental details

The initial amorphous SiO, aerogel containing 6 wt% DNDs uni-
formly distributed over its volume (molecular ratio C/SiO3 ~ 0.29) was
prepared using commercially available analytical-grade reagents and
solvents. Hydrosol of surface carboxylated DNDs (1 wt% in deionized
water, ash content less than 0.1 %) was prepared according to Ref. [34].

Its 6 wt% suspension was prepared by a gentle evaporation of 40 g of
the initial 1 wt% hydrosol to 7.2 g with a rotary evaporator. To convert
the suspension into aerogel, tetramethyl orthosilicate (Si(OMe)4 or
TMOS) and DMSO from Acros Organics; 25 wt% NH4OH solution from
Sigma Tech, and isopropanol (i-PrOH) from Sigma Aldrich were used as
received. The aerogel with 6 wt% DNDs was prepared from 1.11 g of
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Fig. 2. X-ray diffraction patterns of the initial DNDs (red curve) and SiO,
aerogel containing 8.5 wt% DNDs (black curve). Room temperature, Cu Ka
radiation. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

TMOS (providing 0.44 g of SiO; after hydrolysis), 1.67 mL of DMSO, and
0.52 mL of 6 wt% DNDs hydrosol in deionized water (28 mg of dry
DNDs) by a recently described NH4OH catalyzed sol-gel protocol [20].
The 8.5 wt% DNDs suspension for aerogel with 8.5 wt% DNDs was
prepared by evaporation of 48 g of the initial 1 wt% hydrosol to 6.2 g.
The DNDs/SiO gel thus formed was washed by 10 mL of i-PrOH five
times (each wash lasted 24 h) and placed into an autoclave for super-
critical drying. The drying was carried out in a CO2 atmosphere at 50 °C
and 15 MPa using an installation composed of a high-pressure CO2 pump
(SSI Supercritical 24, USA), a 50 mL steel reactor, and a back pressure
regulator (Waters BPR, USA). The resulting material in the form of a rod
4 mm in diameter and 25 mm long (see Fig. 1) was placed in an alundum
crucible and annealed in air at 400 °C for 4 h in order to reduce the
amount of adsorbed water and hydroxyl groups [35,36]. When not in
use, the annealed rod was stored in an Ar glove box. The average size of
nanodiamonds embedded in its amorphous SiO; matrix was ~5 nm,
including the outer sp2 shell 1-1.5 nm thick [20].

High-pressure treatments were carried out in Toroid-type quasi-hy-
drostatic chambers [37] at a pressure of 7.5 GPa, i.e., in the pressure
range where diamond is more thermodynamically stable than graphite
[30]. To obtain a compacted material, the initial aerogel was placed into
a Teflon cell between two steel disks, isolated from the aerogel with
palladium foil, and exposed to 7.5 GPa and 250 °C for 17 h. The resulting
dense and opaque pellet of the DNDs/SiO, composite with a diameter of
5 mm and thickness of 0.7 mm was further hydrogenated at an Hy
pressure of 7.5 GPa and a temperature of 600 °C for 1 h. The reaction cell
was made of silver. Hydrogen inside the cell was produced by thermal
decomposition of aminoborane NH3BH3, which was placed in the cell
together with the pellet of the composite and used as an internal
hydrogen source. The pellet was wrapped in Pd foil to protect the
composite from reaction with by-products formed during the interme-
diate stages of thermal decomposition of NH3BH3. The amount of
gaseous Hj released from NH3BH3 was 6 times greater than the amount
of hydrogen absorbed by the sample and Pd foil. The method of hy-
drogenation is described in more detail elsewhere [33,38].

Before releasing the pressure, the compacted and hydrogenated
samples of the DNDs/SiO5 composite were cooled to room temperature
together with the high-pressure chamber. When not in use, both samples
were further stored in an argon glove box.

The initial, as well as the compacted and hydrogenated samples of
DNDs embedded in the SiO5 matrix were examined by X-ray diffraction
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Fig. 3. X-ray diffraction pattern of SiO, aerogel containing 6 wt% DNDs and
compacted at 7.5 GPa and 250 °C (black curve) and its profile fit based on the
monoclinic C2/c crystal structure of coesite (orange curve). The vertical bars
show the expected positions of diffraction peaks of coesite (black) and diamond
(red). Room temperature, Cu Ka radiation. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)

and infrared (IR) and Raman spectroscopy under ambient conditions.
The X-ray diffraction studies were carried out with a Siemens D500
diffractometer using Cu Ka radiation selected with a diffracted beam
monochromator; the obtained diffraction patterns were analyzed using
POWDERCELL2.4 software. The IR spectra were measured in the spec-
tral range 400-4000 em™! on a Vertex 80v FTIR spectrometer with a
spectral resolution of 2 em L. Samples for the IR measurements were
ground in an agate mortar and then applied as a thin layer onto a pol-
ished crystal substrate made of KBr. The Raman spectra were studied on
an HRS-500 spectrometer using a laser with a wavelength of ~532 nm.

To determine the hydrogen content of the hydrogenated composite,
its small portion of several milligrams was analyzed by hot extraction of
the hydrogen into a pre-evacuated calibrated volume in the regime of
heating the sample to 655 °C at a rate of 20 °C/min (see Ref. [33] for
details).

3. Results
3.1. X-ray diffraction

The red curve in Fig. 2 shows an X-ray diffraction pattern of DNDs
obtained from the initial DNDs hydrosol by complete evaporation of
water. The half-width at half-maximum of the diffraction peaks corre-
sponds to nanodiamonds with a size of ~5 nm. To make the strongest
111 diffraction peak of nanodiamonds embedded in the SiO, aerogel
clearly visible, the black curve shows the diffraction pattern of a sample
containing 8.5 wt% DNDs in SiO; aerogel (molecular ratio C/SiOz ~
0.41).

Compression to 7.5 GPa at a temperature of 250 °C transformed the
porous, brownish and translucent SiO, aerogel with 6 wt% DNDs into a
dense, dark and opaque material. As seen from its X-ray diffraction
pattern shown in Fig. 3, the amorphous matrix of this material crystal-
lized into coesite, a high-pressure monoclinic phase of SiO (space group
C2/c, No. 15 [39]). No diffraction peaks from the nanodiamonds were
observed, since i) the peaks were broadened (see Fig. 2) and ii) the X-ray
scattering length of the carbon atoms was short compared to the silicon
and oxygen atoms. The coesite matrix had a complex texture because it
crystallized under non-uniform stress between two steel disks. The fitted
coesite profile (orange curve) is shown without the calculated
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Fig. 4. Fig. 4a and b shows, respectively, the low-energy (400-1500 cm ') and high-energy (1500-4000 cm ') parts of the infrared transmission spectra of DNDs/
SiO, samples containing 6 wt% DNDs. These are the samples of the initial aerogel (upper panels), the composite compacted at 7.5 GPa and 250 °C (middle panels),
and this composite hydrogenated at 7.5 GPa and 600 °C (lower panels). The integral intensity of each peak is normalized to the intensity of the coesite peak at
1086-1103 cm™!. In Fig. 4b, upper panel, the truncated top of the most intense peak is shown in the inserted smaller panel.

background to better visualize the intense broad halo extending from 20
~50° to ~80° with a maximum at 70-75°.The halo might indicate the
presence of some other amorphous or fine-crystalline phases.

The X-ray diffraction pattern of the hydrogenated DNDs/SiO2 com-
posite looked almost identical and also contained only coesite diffrac-
tion peaks.

3.2. Infrared spectroscopy

Fig. 4a and b shows IR spectra of the initial SiO, aerogel with
nanodiamonds (upper panels), the same aerogel compacted under high
pressure (middle panels) and then hydrogenated under high H; pressure
(lower panels). For brevity, the sample compressed to 7.5 GPa at 250 °C
will further be referred to as a compacted composite, and the sample
hydrogenated at 7.5 GPa at 600 °C as a hydrogenated composite.

In the IR spectrum of the initial aerogel, remarkable absorption
bands are observed around 463, 804, and 1084 cm™!. These bands are
characteristic of amorphous silicon dioxide and can be assigned to the
0-Si-O bending vibration and to the Si-O-Si symmetric and antisym-
metric stretching vibration, respectively [40]. The spectrum of the
initial aerogel shows peaks at 563 and 945 cm™! (Fig. 4a), which can be
attributed to the Si-O stretching vibrations of defects in the SiOj
network and to the Si-OH stretching vibration of surface silanol groups,
respectively [41]. Weak bands at 1636, 1861, and 1960 em! (Fig. 4b)
can be attributed to the H-O-H bending mode of water molecule and
combinations of the silicon-oxygen fundamentals, respectively [42]. In
addition, one can see a broad band centered at 3338 cm ™!, which is a
superposition of several bands of the O-H stretching modes of molecular
water and silanol [41,43]. The sharp narrow peak at 3742 cm ™! (Fig. 4b)
can be assigned to the stretching vibrations of the SiO-H bond [43]. The
peaks at 2800-3000 cm ™! are typical of detonation nanodiamonds and
relate to the stretching vibrations of the CH bond in the CHy and CH3
defect groups [44,45].

The middle panels in Fig. 4a and b depict the IR spectrum of the
compacted composite. The peaks in the range of 400-2100 cm ™! belong
to the stretching/bending vibrations of the SiO4 tetrahedron and weak
second-order silicate overtones of crystalline coesite formed from the
initially amorphous SiO- aerogel. The spectrum generally agrees with all
experimental data from previous studies [46]. The intensity of the 3362
cm peak of the O-H stretching vibrations decreased about fivefold
compared to the initial aerogel (Fig. 4b). This indicates a decrease in the
content of hydroxyl groups and water after the compaction and crys-
tallization of the sample. The peak due to the H-O-H bending vibrations
of water molecules adsorbed by the compacted composite is observed at

3
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Fig. 5. Infrared spectra of stretching vibrations of CH, and CH3 groups in the
DNDs/SiO, composite compacted (dashed black curve) and then hydrogenated
(solid black curve) at a pressure of 7.5 GPa (data from Fig. 4). The integral
intensities of the peaks are normalized to the intensity of the coesite peak at
1086-1103 cm™!. The inset shows the IR spectrum of a sample consisting of
individual nanodiamonds.

1598 cm ™! near the set of silicate overtones of crystalline coesite at
1653, 1728, 1858, 1955, and 1993 cm ! (peaks a-e in Fig. 7 [46]).

No peaks characteristic of SiC crystals or Si-C bonds were observed
either in the X-ray diffraction patterns or in the IR spectra. Thus, the
carbon shells of nanodiamonds did not react with silicon of the SiO,
matrix, and the compression of the aerogel with nanodiamonds to 7.5
GPa at 250 °C resulted in the formation of a composite of individual
phases of DNDs and SiO».

The IR spectroscopy showed that the light absorption due to the O-H
stretching vibrations excited in the hydrogenated sample decreased by
two times compared to the compacted sample and by sixteen times
compared to the initial aerogel. After the hydrogenation, the intensity of
the peak of the H-O-H bending vibrations of water molecules also
decreased by 1.5 times. The marked reduction in the content of water
and hydroxyl groups in the compacted and hydrogenated samples was
likely a consequence of the decrease in their specific surface area after
the exposure under an external pressure of 7.5 GPa at an elevated
temperature of 250 °C in an inert medium and then at 600 °C in a
hydrogen atmosphere. Due to the small total amount of water and
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Fig. 6. Photoluminescence spectra of SiO, aerogel without nanodiamonds
(black curve) and the initial SiO, aerogel containing 6 wt% DNDs (blue curve)
and this aerogel compacted at 7.5 GPa and 250 °C (red curve). The orange
curve at the bottom of the Figure shows the photoluminescent spectrum of NV°
centers in nanodiamonds measured in Ref. [25]. The orange asterisk indicates
the position of the zero-phonon peak. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. Raman spectra of the SiO, aerogel — nanodiamonds composite subjected
to high hydrogen pressure of 7.5 GPa and 600 °C. The spectra were acquired
from two representative points on the sample surface labeled as P1 and P3.
Above the experimental spectra (black and red curves), the spectrum of the
coesite phase of silica from the RRUFF database (https://rruff.info; R070565,
blue curve) is shown. The part of the P1 spectrum in the frequency range
corresponding to nanodiamonds was multiplied by a factor of 5 in order to
demonstrate the weak peaks of the nanodiamond grains embedded in the SiO,
matrix. The positions of the Raman peaks are indicated by vertical bars with
frequency values (in cm™!) above them. In the high frequency range of the
spectra (above 3000 cm’l), relatively broad luminescence peaks are observed.
The positions of their maxima are given in nanometers. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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hydroxyl groups released from the samples, we were unable to deter-
mine where they went in the reaction cell.

In the IR spectrum of the hydrogenated sample, the intensity of the
2856, 2926, and 2958 cm ™! peaks corresponding to the stretching vi-
brations of C-H bonds in the CH; and CH3 groups, decreased almost
twofold compared to the compacted sample (Fig. 5 shows these peaks on
an enlarged scale; the inset shows the spectrum of individual nano-
diamonds outside the SiOy matrix). This may indicate a decrease in the
size of the sp2 shell of nanodiamonds, where the CHy and CH3 groups
were located. However, to assess the change in the fraction of the sp?
shell of a nanodiamond relative to its sp3 core, Raman data are needed,
since the stretching vibration mode of sp> carbon is inactive in the
infrared range.

3.3. Raman spectroscopy

As seen from Fig. 6, the investigation of SiO, aerogel without
nanodiamonds only yielded an intense and almost featureless spectrum
with a maximum at 1800-1900 cm™! caused by photoluminescence of
dangling Si-O bonds and other defects [23]. The SiO, luminescence also
masked all Raman peaks in the spectra of the initial and compacted
aerogel with DNDs. The upper two spectra looked similar to each other
and differed from the spectrum of pure aerogel by the presence of
something like a modulation to the left of the maximum. The modulation
could result from the luminescence of NV° centers in the DNDs (see an
experimental NVO spectrum [25] at the bottom of the figure).

After further hydrogenation of the compacted DNDs/SiO, sample at
7.5 GPa and 600 °C, the luminescent background was drastically
reduced and Raman peaks appeared. Fig. 7 shows a general view of the
Raman spectra of the hydrogenated DNDs/SiO5 composite collected at
different points on the sample surface.

As one can see from Fig. 7, all spectra have a set of narrow Raman
peaks of crystalline coesite in the frequency range of 200-550 cm ™!,
peaks of “sp> core” carbon at 1323 cm ™! and “sp? surf.” carbon at 1615
em™!, as well as peaks of stretching vibrations of molecular hydrogen at
4217 cm™ . The frequency of the narrow peak of stretching vibrations
significantly exceeds the frequency of 4140 ecm™! of this vibrational
mode in Hy gas at atmospheric pressure. In fact, the frequency of 4217
cm ™! corresponds to a hydrogen gas compressed to 7.5 GPa [47], which
was the hydrogenation pressure of the sample.

Additionally, some spectra contained two broad and intense peaks at
4070 and 4157 cm™, overlapping with a very broad band with a
maximum at the Raman shift frequency of ~4400 cm™'. These features
could not be due to the hydrogen dissolved in the sample since its
content Hy/SiO, = 0.005 was too low.

The luminescence of NV~ centers in bulk CVD diamond is known to
produce a zero-phonon line with a wavelength A = 637 nm or a Raman
shift of 3098 cm ™! [48-50]. However, in DNDs, the intensity of this line
is high only at temperatures below 80 K. With increasing temperature,
its intensity decreases significantly and drops to several percent of the
total luminescence intensity of NV~ centers at room temperature [4].
Moreover, the zero-phonon line near 637 nm is often not resolved in the
spectra of nanodiamonds containing NV~ centers [51,52]. A complete
absence of the zero-phonon line was also observed for individual DNDs
lying freely on a substrate or embedded into polymers [51]. According
to Ref. [53], this could occur due to a change in the position of exci-
ted/ground states in the band gap for NV~ centers lying near the surface
of the particle, and the subsequent broadening of the spectral compo-
nents of the 637 nm zero-phonon line for ensembles of such NV~ centers
with slightly different electronic parameters.

At room temperature, the largest contribution to luminescence
comes from a broad phonon band with A = 630-800 nm and maximum
intensity at a wavelength of ~690 nm (4300 cm ™) [4]. The formation of
this band is due to the Franck-Condom effect and the increasing prob-
ability of the electron-phonon transition with increasing temperature.
Thus, the most likely origin of the broad band observed in this study
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Fig. 8. Raman spectra of (a) the initial nanodiamonds and (b) bulk DNDs/SiO,
composite with 6 wt% DNDs hydrogenated at P = 7.5 GPa and T = 600 °C. The
black curves show the experimental dependencies with the background sub-
tracted. The cyan and blue curves represent the Gaussian decomposition of the
spectra. The red curves depict the envelopes of the sums of all Gaussians. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

with an intensity maximum at ~4400 em ™! or A ~695 nm (upper scale
in Fig. 7) is the photoluminescence of NV centers in the nanodiamonds.
The fact that this line belongs to the phonon luminescence band of NV~
centers in nanodiamond is further confirmed by the difference of 1302
cm~! between the Raman frequencies of the zero-phonon line (3098
em™ 1) and its intensity maximum (4400 cm™ 1), which approximately
corresponds to the Raman shift of the “sp® core” of the DND at ~1324
em L.

The origin of the peaks at 4070 and 4157 cm ™ is unclear. Among
other things, these could be the luminescence at A = 679 and 683 nm of
impurity chromium cations [54] that diffused into the surface layer of
the silica matrix from the alundum crucible used to anneal the initial
DNDs/SiO; aerogel in air at 400 °C. This assignment is corroborated by
the presence of a luminescent peak at A = 695 nm from an aluminum
impurity [55], apparently diffused from the alundum crucible.

Fig. 8 compares Raman spectra of the nanodiamonds used to prepare
the initial aerogel (a) and the hydrogenated DNDs/SiO, composite with
6 Wt% DNDs (b). The spectra consist of overlapping peaks “sp> surf.* at
~1255 em ™! and “sp® core* at ~1324 cm™!, which can roughly be
resolved using Gaussians, and of unresolved peaks “sp? surf.* and “sp°
surf.“ at ~1600 cm™!. The designations “surf.” and “core” refer,
respectively, to the carbon in the surface layer and deep inside the
nanodiamonds. The peaks are classified according to Refs. [56,57]. As
one can see, the relative intensity of the “sp> core peak increases
significantly after the hydrogenation of the sample. Namely, the ratio of
the integral intensities of the overlapping “sp® core and “sp® surf.“
peaks increases by 3.9 times, and the ratio of the intensity of the “sp®
core“ peak to the intensity of all peaks increases by 3.4 times. This
suggests that the hydrogenation strongly reduced the amount of both sp®
and sp? surface carbon in the nanodiamonds.

The width of the peaks in the Raman spectrum of the hydrogenated
DNDs/SiO; composite with 6 wt% DNDs corresponds to the nano-
diamond size of 6-8 nm [56,58] in agreement with the results of X-ray
diffraction (Section 3.1) and the results of transmission electron mi-
croscopy for the original DNDs hydrosol [20]. Thus, we conclude that
the thermobaric treatment of the initial DNDs/SiO, aerogel did not lead
to agglomeration of the embedded nanodiamonds.
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4. Discussion

X-ray diffraction, IR and Raman spectroscopy revealed no traces of Si
or SiC in the samples of compacted and hydrogenated DNDs/SiO5
composite. This indicates the absence of possible reactions [31] of silica
and carbon at a pressure of 7.5 GPa and temperatures up to 600 °C. That
is, within the sensitivity of the methods used, carbon in the hydroge-
nated DNDs/SiO2 composite is only contained in individual diamond
nanocrystals separated from the silica matrix.

X-ray diffraction also showed that the compaction of the DNDs/SiO,
aerogel at 7.5 GPa and 250 °C resulted in crystallization of its amor-
phous SiO, matrix into the high-pressure coesite phase (see Fig. 3). This
is an undesirable effect because crystalline coesite is less optically
transparent than amorphous SiO,. The formation of coesite from silica
glass at pressures of 3.5-6.0 GPa usually requires a higher temperature
of 500-1200 °C [59]. The temperatures of crystallization of silica glass
[35] and silica gel [60] into coesite become much lower, down to
190 °C, due to the presence of hydroxyl groups —OH in the material. In
view of the large specific surface area, our initial aerogel contained
many hydroxyl —OH groups (see Fig. 4) despite its preliminary
annealing in air at 400 °C.

Note in this regard that preventing crystallization of the silica matrix
is only a problem of the primary compaction of DNDs/SiO, aerogel
under quasi-hydrostatic pressure. Our previous experiments showed
that amorphous SiO5 samples with different specific surface areas never
crystallized under compression in an Hy atmosphere to 7.5 GPa and
temperatures up to 280 °C [28,61,62]. Moreover, the hydrogenated
silica glass never experienced irreversible densification [61] character-
istic of amorphous SiO; compressed in an inert medium [59].

As seen from the spectra in Fig. 7, the hydrogenation of the com-
pacted DNDs/SiO, composite effectively suppressed photoluminescence
of the SiOy matrix at wavelengths up to A ~640 nm and even higher
(most likely, due to the passivation of dangling Si-O bonds and other
defects). The broad luminescence band of NV° centers inherent in DNDs
also disappeared (this band with a maximum intensity at A ~ 620 nm
[25] is shown by the orange curve at the bottom of Fig. 6). Instead of the
NV° band, Fig. 7 demonstrates another broad and intense luminescence
band with a maximum at A ~695 nm, which was observed at some
points (P1 and P2) on the surface of the hydrogenated sample. We
believe it is the luminescence of negatively charged NV~ centers formed
from the neutral NV° centers owing to the partial removal of electron
traps located predominantly in the highly disordered surface layer of the
nanodiamonds. This effect was observed and examined in the work of
Ref. [25], where the authors used oxidation to remove the amorphous
shell from nanodiamonds.

In Ref. [25], the shell around the nanodiamonds was considered to
consist of sp>-hybridized carbon. However, according to recent studies
[56,63], the shell is mainly formed from sp3—bonded carbon. In partic-
ular, the Raman peak at ~1600 cm ™ in Fig. 8, which was previously
attributed entirely to the sp?-bonded surface carbon [57], is primarily
due to the sp® carbon. Thus, the changes in the Raman spectra caused by
the hydrogenation (compare Fig. 7a and b) do not allow us to estimate
the accompanying changes in the ratio of the amount of sp>- and
sp2-hybridized carbon covering the nanodiamonds. These changes also
cannot be determined from the IR spectra shown in Fig. 4. What can be
said with confidence is that the hydrogenation greatly reduces the total
amount of the sp?+sp° surface carbon compared to the sp® carbon inside
the nanodiamonds. This directly follows from the Raman spectra in
Fig. 8 and agrees with the IR spectra in Fig. 5, which demonstrate a
strong decrease in the intensity of peaks of the stretching vibrations of
CH; and CHj groups located in the disordered shells of nanodiamonds.

The hydrogenation could only reduce the disordered shells of
nanodiamonds if they reacted with hydrogen diffused to them through
the SiO3 matrix. The question arises as to what compounds are formed in
this reaction. There are at least two different scenarios possible. One of
them is the formation of multilayer graphane (hydride of graphite), an
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Fig. 9. Removing the disordered carbon from the surface of DNDs: (a) Bulk DNDs/SiO, composite produced at 7.5 GPa and 250 °C in an inert medium; (b) Diffusion
of Hy molecules through the SiO, matrix at an external hydrogen pressure of 7.5 GPa and a temperature of 600 °C and their reaction with the sp>+sp> shell of DNDs
resulting in the formation of light hydrocarbons; (c) Release of light hydrocarbons from the composite during the decrease in pressure at room temperature,
accompanied by thinning of the sp>+sp® shell of nanodiamonds. (d) Bulk DNDs/SiO, composite, in which the sp>+sp® shell of nanodiamonds is partially removed by

the hydrogen treatment at high pressure.

optically transparent sp>-bonded crystalline dielectric compound with
CH stoichiometry, which can be synthesized from ball-milled graphite
powder and gaseous hydrogen at pressures above 2 GPa and tempera-
tures from 450 to 700 °C [33]. This scenario did not materialize, as the
strongest peak at 2680 cm ™! of graphite hydride [33] was not observed
in any IR spectrum of the hydrogenated DNDs/SiO, sample (see Fig. 7).

Another scenario for the disappearance of most of the disordered
carbon from the surface of nanodiamonds is the hypothetical formation
of light hydrocarbons, such as methane CH4 and ethane CyHg, which
should be thermodynamically stable phases under the hydrogenation
conditions [64]. No features characteristic of these compounds was
detected in the IR (Fig. 4) and Raman (Fig. 7) spectra of the hydroge-
nated DNDs/SiO5 sample, but a plausible explanation can be found for
this. Namely, the light hydrocarbons are volatile under normal condi-
tions. In contrast to the solid multilayer graphane, they could have been
released from the hydrogenated sample when the pressure was lowered
before the spectroscopic measurements (see Fig. 9), therefore leaving no
fingerprints in the IR and Raman spectra.

The rapid release of methane and ethane from the sample appears
realistic, since the diffusion coefficient of these compounds in silicates
increases by several orders of magnitude with decreasing pressure [65].

Thus, as a result of hydrogenation at a pressure of 7.5 GPa of the pre-
formed DNDs/SiO5 composite, we obtained a massive dense sample of
optically transparent silicon dioxide with uniformly distributed indi-
vidual nanodiamonds protected against many gases and demonstrating
NV luminescence at room temperature. The luminescence of individual
nanodiamonds enclosed in an optically transparent and chemically
resistant shell is necessary for the creation of single-photon emitters for
quantum applications [10] and temperature sensors capable of oper-
ating over a wide temperature range in reactive gases [19]. The com-
pacted composite obtained in our work can obviously be used for these
purposes after grinding to DND/SiO; particles of the size required for
coatings or suspensions.

5. Conclusions

High-pressure treatment of SiO5 aerogel with 6 wt% nanodiamonds
produced a new composite material consisting of individual DNDs uni-
formly distributed over the volume of a dense SiO, matrix protecting
them from agglomeration and chemical interaction with the environ-
ment. Further high-pressure treatment in a hydrogen atmosphere elim-
inated the intense luminescence of the matrix and made it optically
transparent. Due to the hydrogenation, a significant portion of the
disordered carbon shell containing electron traps was also removed from
the surface of the nanodiamonds. This converted the neutral NV° centers
“impurity nitrogen atom - vacancy” inside the nanodiamonds into
negatively charged NV~ centers. As a result, the luminescence of NV°

centers typical of nanodiamonds at room temperature was replaced by
the luminescence of NV~ centers, which is much more suitable for ap-
plications. Currently, DNDs are the only type of nanodiamonds that can
be produced on an industrial scale, and the composite obtained in this
work is the first material that allows the use of the luminescence of their
NV~ centers.
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