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Synthesis Techniques, Properties, and Applications

of Nanodiamonds

Boris I. Kharisov, Oxana V. Kharissova, and Leonardo Chavez-Guerrero
Universidad Autonoma de Nuevo Leon, Ciudad Universitaria, San Nicolds de los Garza,

Nuevo Leon, México

Synthesis methods (ion and laser bombarding, CVD, hydrother-
mal, ultrasonic, electrochemical, and detonation techniques) for
obtaining various forms of nanodiamonds (NDs) are generalized.
Structure, physical and chemical properties, functionalization of
NDs and composites on its basis are discussed, as well as their ap-
plications in medicine, electrochemistry, materials chemistry and
technology.

Keywords applications, composites, functionalization, nanodia-

monds

INTRODUCTION

Carbon takes many different forms, each with its own elec-
tronic structure, and has a fantastic range of properties. Nanodi-
amond (ND) is a new member of nanocarbons, which consist of
nano-sized tetrahedral networks. The history of the discovery of
ND is unique, since ND synthesis was accidentally discovered
in the USSR three times over 19 years starting from 1963 by
shock compression of nondiamond carbon modifications in blast
chambers.!!! The term nanodiamond is currently used broadly
for a variety of diamond-based materials at the nanoscale rang-
ing from single diamond clusters to bulk nanocrystalline films.?!
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It is generally accepted that nanocrystalline diamond (NCD)
consists of facets less than 100 nm in size, whereas a second
term ultrananocrystalline diamond (UNCD) has been coined
to describe material with grain sizes less than 10 nm. These
differences in morphology originate in the growth process."!
Closely-related diamond-like carbon (DLC) films, according to
IUPAC definition,™ “are hard, amorphous films with a signif-
icant fraction of sp’-hybridized carbon atoms and which can
contain a significant amount of hydrogen. Depending on the
deposition conditions, these films can be fully amorphous or
contain diamond crystallites.”

Nanometer sized diamond has been found in meteorites,
proto-planetary nebulae and interstellar dusts, as well as in
residues of detonation and in diamond films. It is known
that primitive chondritic meteorites contain up to approxi-
mately 1500 ppm of nanometer-sized diamonds, containing
isotopically anomalous noble gases, nitrogen, hydrogen, and
other elements. These isotopic anomalies indicate that mete-
oritic NDs probably formed outside our solar system prior
to the Sun’s formation (they are thus presolar grains).’! It
appears that some interstellar emission bands in the 3—4, 7—
10, and approximately 21 pum spectral regions could originate
from NDs.[6!

Diamond thin films have outstanding optical, electrical, me-
chanical and thermal properties, which make these attractive
for applications in a variety of current and future systems. In
particular, the wide band gap and optical transparency of dia-
mond thin films make them an ideal semiconductor for appli-
cations in current and future electronics. Various aspects on the
NDs have been recently emphasized in a series of reviews!’ 13
and books,!'*13! in particular such topics as ND preparation by
chemical vapor deposition (CVD), NCD film formation from
hydrogen-deficient and hydrogen-rich plasma, nanocomposite
films, mechanical behavior of NCD films, and field emission
characteristics,'® diamond nanowires and their biofunctional-
ization of nucleic acid molecules,'”! or use of NCD to study
noncovalent interaction.!8! In this review, we have tried to em-
phasize updated main synthesis and functionalization meth-
ods for NDs and their relationship with ND structure and
properties.
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SYNTHESIS METHODS FOR NANODIAMONDS

Precursors

NDs can be produced from a series of precursors, among
which the CH4/H; mixtures with addition of inert gases, O, or
N; are frequently used. Thus, synthesis of NCD films by using
a small amount of simultaneous O, and N, addition into con-
ventional CHy/H, mixtures.['”) The NCD samples were grown
in a 5 kW microwave plasma CVD (MWPCVD) system on
large silicon wafers. It was shown that the morphology, mi-
crostructure, grain size, crystalline quality and growth rate of
NCD films can be tailored by simply adjusting the amount of
O, and N, addition, and with increasing the ratio of addition,
the crystal quality of the NCD films is significantly enhanced.
Additionally, carbon nanotubes were used as ND precursors,!?’!
for instance multiwall carbon nanotubes (MWCNTSs) served as
a precursor to prepare diamond in a pure hydrogen microwave
discharge.?!l Also, NDs were easily formed from carbon film
containing Si.[??! The growth of diamond and B-SiC was control-
lable by adjusting the heating temperature and the proportion of
Si. A method for producing a ND, in which a ND was removed
from an activated carbon containing the ND, was offered by
West et al.[>31 A ND fiber (up to 2000 nm) can also be produced
by mixing a carbon source, a metal and an acid under conditions,
which results in ND formation. Methods of industrial ND syn-
thesis were generalized in a review!?*! with attention to aspects
of detonation decomposition of powerful mixed explosives with
a negative oxygen balance (formation of ultrafine-dispersed di-
amonds). The most efficient technology of chemical cleaning of
diamonds with nitric acid at high temperatures and pressures for
producing high-purity NDs was described (other methods see
section “Purification of nanodiamonds”). Other ND precursors
include fullerenes,?>! graphite, 8-SiC, carbide-organic systems,
polycarbine, trotyl/hexogen, 1,1,1-trichloroethane, etc.

Hydrothermal Synthesis

Hydrothermal synthesis as any heterogeneous reactions oc-
curring under the conditions of high-temperature/high-pressure
(>100°C, >1 atm) in aqueous solutions in closed system has
a growing interest among the scientists in particular due to a
possibility of synthesis of new phases or crystals growth.!¢]
This technique was also applied for NDs synthesis;??”! thus,
available hydrothermal techniques for ND synthesis were re-
viewed by Nickel et al.[?®! The hydrothermal synthesis of dia-
mond was frequently carried out in the silicon carbide-organic
compound system.!?*-31 Organic matter dissociated in a closed
system to generate C-O-H supercritical fluids, known for their
high dissolving power and influence on the type of elemen-
tal carbon formation. Formed carbon crystallites had typical
spectra of sp-hybridization, clearly demonstrating the forma-
tion of nano-sized diamond crystallites under sub-natural con-
ditions. Among other ND precursors in hydrothermal synthesis,
chlorinated hydrocarbons such as dichloromethane and 1,1,1-
trichloroethane, 132! can be used.

lon Bombardment

A successful irradiation-induced transformation of MWC-
NTs to diamond nanocrystals was realized with double ions
(“°Ar*, CoH/) bombardment.!*¥! This idea of multi-ion irra-
diation may also be used for fabricating other nanostructures.
The growth of ND under prolonged DC glow discharge plasma
bombardment of 1 pum thick polycrystalline CVD diamond was
studied by Gouzman et al.®* It was established that ND for-
mation on diamond started directly. The amorphous carbon/ND
composite structure was substantial to the ND nucleation under
energetic plasma bombardment. The nucleation of diamond on
graphitic edges as predicted by Lambrecht et al. in 1993 was
experimentally confirmed by Yao et al.?>! Thus, the precipita-
tion of ND crystallites in upper layers of a film deposited by
a 1 keV mass-selected carbon ion beam onto silicon held at
800°C was observed by HRTEM, selected area electron diffrac-
tion, and electron energy loss spectroscopy. Molecular dynamic
simulations showed that diamond nucleation in the absence of
hydrogen can occur by precipitation of diamond clusters in a
dense amorphous carbon matrix generated by subplantation.
After cluster formation, they can grow by thermal annealing
consuming carbon atoms from the amorphous matrix.[*¢’

Laser Bombarding

Pulsed laser ablation has become an attractive method!*”!
for the preparation of ND in liquids,?¥3 in liquid-solid
interface,***!! or solids using carbon powders. Thus, ND were
obtained*?! by suspending carbon powders (crystalline flake
graphite, microcrystalline graphite or carbon black with particle
size less than 10 «m) in a circulating liquid medium (water, alco-
hols, ketones, ethers, and their solutions or mixtures), bombard-
ing the carbon powders by laser, and further purifying the prod-
uct to obtain the diamond nanopowders. It was shown that only
microcrystalline graphite by laser transformed into diamond
(cubic diamond about 5 nm) in the three carbon materials. It also
demonstrated that microcrystalline graphite was more advanta-
geous than carbon black and crystalline flake graphite when the
laser power density was 10® W/cm?.143' A theoretical kinetic
approach to elucidate the nucleation and growth of nanocrystals
with respect to the capillary effect of the nanometer-sized curva-
ture of crystalline nuclei was proposed by Wang et al.**! on the
example of the ND synthesis by pulsed-laser ablating a graphite
target in H,O. The authors predicted the nucleation time, growth
velocity, and the grown size of NDs from the proposed kinetic
model. Pulsed-laser irradiation of amorphous carbon films in a
liquid phase (Figure 1) at room temperature and ambient pres-
sure led to a phase transformation from amorphous carbon to
ND (4—7 nm).[*>) On the basis of the obtained results, it was
concluded that laser irradiation in liquid actually opens a route
toward self-assembly of surface micro and nanostructures, i.e.,
functional nanostructures manufacturing.

The diamond-like carbon films with the highest sp* car-
bon bonding content were obtained at laser fluences of
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FIG. 1. Schematic illustration of the experimental setup of laser irradiation
in liquid.

850 to 1000 mJ/cm? by irradiation of the polycarbyne
polymer films, coated on silicon substrates, with a pulsed
Nd:yttrium-aluminum-garnet laser (A = 532 nm) in argon
gas atmosphere.*0! Quartz substrates were used as supports
in similar experiments (A = 1064 nm, r = 20 ns, q =
4.9-10% W/cm?) under vacuum (p = 2.6-1073 Pa).*”! The effect
of low power laser radiation on volume and surface microin-
clusions of graphite-like carbon during the CVD diamond film
fabrication were studied.[*8! The simulation calculations showed
that laser irradiation accelerates the processes of graphite and
non-diamond phase etching.

Microwave Plasma Chemical Vapor Deposition
(MWPCVD) Techniques

An important research and industrial method, microwave and
millimeter-wave processing of materials,**=3! in particular di-
amonds, was reviewed by Lewis et al.’?! CVD techniques, in
particular those based on microwave-assisted approach, have be-
come one of the most classic methods in materials production,
including various carbon nanoforms, and are well generalized in
a series of books.?*~3! The experimental findings providing a
basic understanding of the plasma chemistry of hydrocarbon/Ar-
rich plasma environment, used for growing ND films, were dis-
cussed by Gordillo-Vazquez et al.’®! Both main ND types, NCD
and UNCD, were obtained via this route. Among a series of re-
lated works, the NCD (40-400 nm) were grown without the help
of initial nucleation sites on Ni substrates in a microwave plasma
reactor (400 to 600°C) using hexane/nitrogen-based CVD.P"!
In a related work, NCD thin films were prepared and charac-
terized with MPCVD.!®! Ultra smooth nanostructured diamond
(USND) coatings were deposited by MPCVD technique using
He/H,/CHy4/N; gas mixture as a precursor.[59]

Various aspects of CVD applications for ND materials were
studied in detail by Butler et al.,[®”! in particular the growth and
characteristics of NCD thin films with thicknesses from 20 nm

to <5 pum containing 95->99.9% diamond crystallites. It was
shown that the UNCD was usually grown in argon-rich, H-poor
CVD environments, and may contain up to 95-98% sp*-bonded
C. Effect of gas (mixed methane and hydrogen) flow rate on
diamond deposition on mirror-polished silicon substrates in a
microwave plasma reactor was studied by Chen et al.l!l Mi-
crocrystalline diamond thin films were obtained at relatively
low gas flow rates (30-300 sccm), while NCD thin films with
cauliflower-like morphology were obtained at higher gas flow
rates (>300 sccm). This result may be attributed to the en-
hancement of diamond secondary nucleation arising from the
increase in the flux rate of carbon-containing radicals reaching
the diamond growth surface.

A series of patents are dedicated to various presentations of
microwave equipment for fabrication of distinct diamond forms.
Thus, the equipment for MWCVD processing was patented by
Nanba et al.[®?! The apparatus had a dielectric window for in-
troducing microwave in a vacuum chamber and an antenna part
with an edge electrode for introducing microwave in the cham-
ber, wherein the window is sandwiched between the chamber
inner surface and the electrode. The apparatus was suitable for
forming a large-area high-quality semiconductor diamond film.
Another microwave CVD apparatus precisely for preparation of
diamond, comprising a globe-shaped discharge chamber and a
coaxial antenna for feeding microwave into the chamber, with
the antenna tip equipped with a work holder, positioned in the
center of the globe, was proposed by Ariyada et al.[%’]

Detonation Methods for ND Fabrication

Detonation techniques belong to the most conventional
methods!®* for obtaining NDs, in particular at industrial scale.
In this respect, we note a series of fundamental reviews of
Dolmatov, dedicated to such various aspects of detonation-
produced nanodiamonds (DND) as the structure,®>! key proper-
ties and promising fields of application of detonation-synthesis
NDs, %0 modern industrial methods for their manufacture,©7-68]
etc. DND purity is an important problem, which is being contin-
uously studied. In particular, the mechanism of prolonged water
washing to remove excessive acidity was described, ! which
was offered to improve essentially the quality of NDs and the
stability of their aqueous suspensions by treating them with am-
monia water (to an alkalescent medium), followed by heating to
200-240°C under pressure (so called “thermolysis”). Alterna-
tive methods to remove materials still unconverted to diamond
(details see below) produced”?! with yields up to 60% by firing
of high explosive mixtures in water confinement, avoiding the
use of inert gas and preventing the oxidation and graphitization
of recovered diamonds, various selective oxidation treatments
(with KNO3/KOH, H,0,/HNOj3; mixtures) were carried out,
leading to light gray ultradispersed diamond aggregates with a
yield up to 60%.

Mechanisms of various steps of DND formation have been
established. Thus, problems associated with the final stages
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in the disintegration/purification of DND into monodisperse
single-nanodiamond (DSND) particles were critically reviewed
by Osawa et al.l”!72] Possible pitfalls that might encounter dur-
ing the search of industrial application of DSND were iden-
tified: low diamond-graphite transition temperature, and ab-
normally strong tendency of the dispersed primary particles
to re-aggregate. The formation kinetics of detonation NDs was
proposed by Titov et al.””3! As a conclusion of a series of det-
onation experiments with ultradisperse diamond in oxygen and
oxygen-free media, the diamond cannot be produced immedi-
ately behind the wave front. The authors believed that there is
a diamond-free zone and zones of diamond formation. Produc-
tion of NDs with an increased colloidal stability by using an
explosion synthesis was patented by Puzyr et al.[’4!

Use of Ultrasound

Ultrasonic action during the ND manufacture or its pretreat-
ment has got a certain use in NDs fabrication and compared with
other treatments. Thus, carbon materials containing C=C were
irradiated with X-rays, microwave, and/or ultrasonic waves to
give varieties of carbon structures, in particular diamond thin
film and fine-grain diamond.”>! Diamond microcrystals were
prepared (size 6 or 9 um, yield ~10% by mass) using ultra-
sonic cavitation of a suspension of hexagonal graphite in vari-
ous organic solvents at ~120°C and at atmospheric pressure.!’%!
Thermal processing of ND powder in air at 440-600°C until
powder weight loss reached 5-85% led to stable suspensions in
water, EtOH and other solvents upon ultrasonic treatment.!””)
Effects of pretreatment on the nuclei formation of UNCD on
Si substrates were studied,[’® showing that either precoating a
thin layer of titanium (~400 nm) or ultrasonication pretreat-
ment using diamond and titanium mixed powder enhanced the
nucleation process on Si substrates markedly. NCD coating us-
ing sol-gel technique as an easy coating technique for NCD
films was reported by Hanada et al.,l””) making a ND sol for
coating by ultrasonic dispersion in water of diamond nanoparti-
cles (<10 nm) synthesized by a detonation method, followed by
mechanical milling milled with zirconia balls. This technique al-
lowed fabrication NCD films easily at a much lower processing
temperature in comparison with conventional diamond coating.
Process and apparatus for manufacture of diamond powder in
nanometer range by size reduction using ultrasonic agitation
was patented by Iijima.[8"!

Electrochemical Synthesis of DLC

The first attempt to use electrolysis in the production of car-
bon structures was made by Nambal®!! in 1992, who deposited
diamond-like carbon (DLC) films on silicon substrates using
ethanol solutions at 70°C. The electrochemical process is depen-
dent on many variables, including temperature,'®? electrolyte,
applied potential, current density, distance between electrodes,
and the substrate for deposition. The advantages include low
cost, low temperature, scalability, endless possibilities for use

of precursors, ability to use simple experimental equipment, and
the flexibility to produce different structures. Methanol has been
used as one of the most used precursors and/or solvents in the
reported electrochemical procedures, although DMSO, ethanol,
acetonitrile, nitroethane and liquid ammonia were also applied;
graphite were used as anodes; silica, nickel foil, SnO;-coated
glass were used as substrates in the synthesis of DLC films.
There is a huge variability in the voltage used; it can be set in
the range between 2 and 5000 volts, which shows that this so
many variables can be modified in order to obtain the desir-
able surface. Among other experimental reports, Roy et al.[®!
produced DLC films using a SnO; substrate in an aqueous So-
lution of acetic acid at room temperature and claimed that the
substrate had a deficiency in oxygen sites where molecules can
be anchored, which promoted the breaking chemical bonds and
formation species with sp? and sp*hybridizations. DLC films
and nanoinclusions of diamond, graphite, and lonsdaleite phase
were prepared'®! from acetylene-saturated liquid ammonia at a
temperature of —33°C by potentiodynamic, potentiostatic, gal-
vanostatic, and pulsed deposition methods. The source of carbon
was acetylene according to the reaction (1); electrolysis of these
solutions resulted in the deposition of a DLC film confirmed.
We emphasize that this work contains valuable tabulated in-
formation on the electrochemical preparation of diamond thin
films.

xHC = CH — Cy(sp® and sp?) + 2x H" +2xe~  [1]

Models for Nanodiamond Synthesis

Additionally to the described above (section “Detonation
nanodiamonds”) DND formation mechanisms, various models
of ND synthesis on the basis of experimental results have been
offered including softwares. Thus, visualization techniques for
modelling carbon allotropes, including NDs, were described
by Adler et al.,[3%-3% in particular AViz (atomistic visualization
package), which is essential for understanding sample geome-
tries. A cold plasma hybrid-fluid-particle approach, agreed with
experimental results, was used to describe the deposition of
diamond films from pulsed MW discharges.!®”! A density func-
tional theory study was presented®® on changes in band gap
effects of NDs (hydrogen terminated diamond-like molecules,
diamondoids) depending on size, shape, and the incorporation
of heteroatom functionalities. The combination of increasing
the size of the ND and push-pull doping are likely to make
these materials highly valuable for semiconductor applications.
A comparison of several theoretical models that have been pro-
posed to describe the relative phase stability of diamonds and
other forms of carbon at the nanoscale was reviewed.®”!

Simulation and bonding of dopants in NCD was reviewed
by Barnard et al.”®! using quantum mechanics based simula-
tion methods. It is known that impurities can be introduced
into diamond, resulting in materials with unusual physical and
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FIG. 2. Carbon thermodynamic equilibrium phase diagram based on pres-
sure and temperature. G region means a metastable phase region of diamond
nucleation; D region means a new stable phase region of diamond nucleation
by hydrothermal synthesis or reduction of carbide under the nanosize-induced
interior pressure conditions. The inset shows the enlarged G and D region.

chemical properties. For electronic applications one of the main
objectives in the doping of diamond is the production of p-type
and n-type semiconductors materials. The thermodynamic ap-
proach on the nanoscale to elucidate the diamond nucleation
taking place in the hydrothermal synthesis and the reduction of
carbide (HSRC) supercritical-fluid systems was performed by
Wang et al.®!l It was shown that the nanosize-induced interior
pressure of diamond nuclei could drive the metastable phase
region of the diamond nucleation in HSRC into the new stable
phase region of diamond in the carbon phase diagram (Figure
2). 400 MPa was predicted to be the threshold pressure for the
diamond synthesis by HSRC in the metastable phase region of
diamond. Among other reports, the transformation of NDs into
carbon-onions (and vice versa) was observed experimentally
and modeled computationally,’®” outlining results of numerous
computational and theoretical studies examining the phase sta-
bility of carbon nanoparticles and clarifying the complicated
relationship between fullerene and diamond structures at the
nanoscale.

Purification of Nanodiamonds

The diamonds and NDs, obtained by different methods, con-
tain various impurities, described below. Small amounts of
graphitic impurities and other carbon structures in diamond
can alter its most important properties,®® so a grand vari-
ety of techniques for their purification has been developed, in
particular magnetic,'®¥ ultrasonic,'®! electrolysis!®®! or electric
field,®”! or laser,[®®! as well as pure chemical methods apply-
ing generally strong oxidants (acids, potassium permanganate,
chromium(VI) oxide, chromates, mixture of potassium nitrate
and KOH, ozone) to oxidize and solubilize impurities. Thus, an

oxidative treatment for liquid-phase purification of diamonds in
an autoclave at increased temperature (215-250°C) and pres-
sure under the action of MW radiation was patented: in the first
stage—with mixture of nitric acid and hydrogen peroxide, in the
second stage—with mixture of concentrated nitric, hydrochlo-
ric and hydrofluoric acids.'®”! Milder ND-purification condi-
tions were also reported, for instance adsorption onto a diamond
nanoparticle from a bath of 10-100 g'L~! (NH4),Ce(NO;3)s or
(NH4),Ce(S0O4)s solution at 30-70°C for 24-48 h, washing with
1.5 vol.% H,SO,4 3-5 times, washing with water, and vacuum
drying at 100-120°C for 12-24 h.'% A reported gas-phase
technique for ND purification and modification consisted in
passing a gas mixture, in the form of a dried air and/or oxygen
and/or ozone at a pressure up to 0.8 MPa, through an initial
material, in simultaneously heating it from 20°C to 550°C.[1%1]
Valuable information on various techniques for diamond purifi-
cation was critically analyzed and reviewed by Lin et al.[1%]

TECHNIQUES APPLIED TO STUDY STRUCTURAL AND
ELECTRONIC PROPERTIES OF NANODIAMONDS

In order to study the structure of formed carbon allotropes,
in particular the NDs, classic methods, usually used in ma-
terials characterization, were applied. Thus, magnetic reso-
nance techniques (EPR and solid state NMR!'%1) as powerful
non-destructive tools for studying electron-nuclear and crys-
talline structure, inherent electronic and magnetic properties
and transformations in carbon-based nanomaterials, in particu-
lar NDs, were reviewed by Shames et al.['% EPR allows con-
trol purity of ultradispersed diamond (UDD) samples, to study
the origin, location and spin-lattice relaxation of radical-type
carbon-inherited paramagnetic centers, among other possibil-
ities, meanwhile solid state NMR provide information on the
crystalline quality, allows quantum estimation of the number
of different allotropic forms, and reveals electron-nuclear in-
teractions within the UDD samples under study. Raman spec-
troscopy of amorphous, nanostructured, diamond-like carbon
and ND was reviewed by Ferrari et al.l'%! This method was
useful in determination of sp? carbon phases in nanocrystalline
diamond films.[106] Additionally, ND formation and its in-situ
Raman spectroscopy under the conditions of high static pres-
sures and high temperatures were studied using carbon of dif-
ferent isotopic compounds in the K,0-Na,0-Al,03-Si0O; sys-
tem and the presence of NaAlSi,Og, low-melting K;,Si,0s, and
NaZSi03.“07]

The sp?/sp> bonding concentrations of nitrogen-doped amor-
phous carbon samples and ND films were determined from
their soft X-ray absorption spectra.!'® The ND films were
synthesized on silicon substrates in a CH4/H, gas mixture by
MWCVD. It was shown that ND deposition conditions, such as
bias voltage and methane concentration, affect the purity of the
film. The stress evolution in NCD films deposited at different
temperatures (from 800 to 400°C) was investigated,['%”! show-
ing that the intrinsic stress gradually changed from tensile to
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compressive with decreasing deposition temperature. A com-
parison study of hydrogen incorporation among nano-, micro-,
and polycrystalline diamond films grown by MWCVD was per-
formed by Tang et al.l'!%! indicating from polycrystalline to
NCD film, hydrogen impurity content increases drastically with
decrease of grain size. It was suggested that hydrogen incorpo-
rated not only into grain boundaries but also into other struc-
tural defects of CVD diamond. The electric conductivity and
sedimentation stability of aqueous dispersions of ND agglom-
erates were studied by Koroleva et al.l''!l The sedimentation
kinetic curves showed two sections of fast and slow sedimenta-
tion. Consequences of strong and diverse electrostatic potential
fields on the surface of detonation ND particles were reported by
Osawa et al.'>! DNDs were also studied by time-of-flight mass
spectrometry (TOF MS)!'!3I showing the formation of singly
charged C clusters, C]T , with groups of clusters at n = 1-35,
n~160-400, and clusters with n~8000. It was established that
high C clusters consisted of an even number of carbons while the
percentage of odd-numbered clusters is quite low (~5-10%).
Structural and electronic properties of isolated NDs were
reviewed by Raty et al.l''"l Using ab-intio calculations, it
was shown that in the size range of 2-5 nm ND (so-called
bucky-diamond) has a fullerene-like surface and, unlike silicon
and germanium, exhibits very weak quantum confinement
effects. Ultrafast photoluminescence of NCD membranes and
films on Si and fused SiO, glass, prepared by MWCVD,
measured by femtosecond upconversion technique was re-
ported by Preclikova et al.l''3! It was established that the
photoluminescence dynamics were affected by temperature
and ambient pressure. Additionally to the generalized report on
the ND surface chemistry,!'®! detailed structural investigations
of patterned NCD submicrometer-tip arrays, synthesized by
conformal coating of the SiO, nanowires with 5-10 nm sized
ND grains by MWCVD, were carried out by high resolution
transmission electron microscopy.!!!”! Electron field emission
of ND emitter arrays was observed with a threshold field of 5.5
V/um. The structural and chemical analysis of the soot particles
produced in a bell jar reactor under Ar/H,/CH4 microwave
discharges employed for NCD film synthesis was reported by
Aggadi et al.,[''8 showing that the soot was mainly composed
of polyhedral graphite particles of roughly 100 nm in size and
of smaller particles of the same carbon structure, embedded
in graphite crumpled sheets. Chemical bonding study of NCD
films prepared by various plasma techniques (MPWCVD and
hybrid pulsed laser deposition (HPLD)) were carried out by
Popov et al.l'" In case of HPLD samples, the formation
of NCD was enhanced by lower working pressures and RF
powers; no such influence of the deposition conditions on the
bonding structure was observed for the MWCVD films.

SOME PHYSICAL PROPERTIES OF NANODIAMONDS
Stability of NDs was reviewed by Barnard,!'?”! in particular
such aspects as theoretical and computational studies on the rel-

FIG. 3. [Initial (left) and oxidized (right) NDs.

ative stability of carbon nanoparticles, phase transitions between
ND and graphitic and fullerenic forms of nano-C, coexistence
of bucky-diamond and other nano-C phases, stability of dia-
mond nanowires, simulation of transitions of NDs, etc. It was
distinguished between the stability of large (5—6 nm) and small
(<2.5 nm) particles of nano-C. In an interesting report,!'?! the
stability of NDs with sizes less or more 4 nm was studied by
X-ray coherent scattering areas (CSA) and of sample specific
surfaces. Authors supposed that small ND particles exhibited
higher activity when interacted with oxygen and “burned out”,
caused by the heat effect of the carbon oxidation with oxygen
(reactions 2-3). As a result of detailed study of ND oxidation
with water (Figure 3), it was established that it was impossible to
produce NDs with particles of size below 4 nm using the oxida-
tion processes. It was concluded that there is a critical size of the
stability of ND particles, namely, about 4 nm. A ND cluster hav-
ing a size below the critical one becomes unstable and rapidly
oxidizes in air or transforms into a particle with graphite-like
structure. Additionally, in ND crystallites, exposed to extreme
UV radiation, the surface H groups and graphite species were
found to prevent graphitization, whose radiation-induced mech-
anism was discussed, as well as other effects influencing on the
stability of ND in radiation conditions. !??!

C+ O, = CO;, + 384 kJ / mol [2]
C+1/20, =CO+ 113 kJ /mol [3]

Nitrogen is a common impurity in the crystal of diamond
and also one of the predominant elements to affect diamond
performance;!'?! nitrogen impurity location, related to the lu-
minescent properties of DND, was detected in several detona-
tion DND samples using a combination of TEM techniques,!¥
showing that the size and morphology of DND can be modi-
fied by temperature treatment. It was suggested'>3! on the basis
of spectral data and elemental analysis that nitrogen can be
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mainly in the form of impurity N-centers of different kind in-
side diamond core of ND particle. Among other impurities in
diamonds and NDs, several elements were found in the com-
bustion residues, such as Fe, Ni, Ca, Al, Si, S, Cl, K, Na, Ti,
and Mg.!"2%1 Tt was observed that metal impurities more easily
enter into the diamonds, especially Fe-Ni alloy. Non-uniform
distribution of impurities in the diamond crystal, especially in
the surface region, was the main reason for strength variation
in the samples.!"?’! Additionally, the behavior and influence of
cobalt,['281 boron,['?! beryllium and magnesium,!3% and other
dopants on diamond and ND properties and reactivity were
studied.

Discussing the solubility of NDs, it is necessary to mention
that bad dispersibility is a major cause that hinders the appli-
cation of ND severely. In this respect, the techniques allow-
ing increase ND solubility for medical and other applications
are being intensively developed. Thus, the method producing a
dispersion of a ND particles (clusters having a primary parti-
cle diameter of 3—5 nm and produced by a shock compaction
method under a H, atmosphere at 300-800°C) in organic sol-
vents by disaggregating an aggregate of the diamond particles
was proposed by Sakai et al.'*!! The formed dispersions did
not cause aggregation or precipitation even after six months,
and maintains its stable dispersion state. Covalent functional-
ization of ND, leading to an increased solubility, was carried
out by employing several methods,!'3 involving, for example,
the reaction of acid-treated ND with thionyl chloride followed
by reaction with a long-chain aliphatic amine to produce the
amide derivative. The products of functionalization produced
excellent dispersions in CCly and toluene. By interaction of ND
with surfactants such as, for instance, sodium bis(2-ethylhexyl)
sulfosuccinate, gives good dispersions in water. Other function-
alization techniques resulting enhanced solubility/dispersibility
are presented below.

Growth of NDs has been intensively studied as in whole as
mechanism of its each steps including the pretreatment of pre-
cursors before the reaction and nucleation. Thus, effects of pre-
treatment on the nuclei formation of UNCD on Si substrates
were studied.['*3 Either precoating a thin layer of titanium
(~400 nm) or ultrasonication pretreatment using diamond and
titanium mixed powder enhanced the nucleation process on Si
substrates markedly. Nucleation, growth and low temperature
synthesis of diamond thin films were reviewed by Das et al.l'3¥]
The important parameters responsible for enhancing the nucle-
ation and growth rates of diamond film were identified and the
growth of diamond thin films at low temperatures were dis-
cussed.

Various supports/substrates were investigated in respect of
diamond nucleation. Thus, studies of diamond nucleation and
growth on conical carbon tubular structures showed that the nu-
cleation preferentially occurs at the tips, but only occurs on the
sidewalls when they are pretreated with diamond or other pow-
der dispersions, forming a ND coating.['3! It was revealed that
the diamond nucleation on the sidewalls may proceed through

the formation of diamond nuclei within the walls at subsurface
damage sites caused during pretreatment. MWPCVD was used
to deposit smooth NCD film on pure titanium substrate using Ar,
CH,, and H, gases at moderate deposition.!'3®! The exceptional
adhesion of 2 um-thick diamond film to the metal substrate
was observed by indentation testing <150 kg load. This type of
materials could be used for aerospace and biomedical applica-
tions, avoiding the problem of the different thermal expansion
coefficients of thin ND and titanium and its metallic alloys.!3"]
Nanocomposite films consisting of diamond nanoparticles of 3—
5 nm diameter embedded in an amorphous carbon matrix were
deposited by means of MWCVD from CH4/N, gas mixtures!'3®!
on different substrates (some of them were pretreated ultrason-
ically) such as Si wafers, Si coated with TiN, polycrystalline
diamond (PCD) and cubic boron nitride films, and Ti-6Al-4V
alloy. The growth process seemed to be not affected by the
substrate material and the crystallinity and the bonding envi-
ronment showed no significant differences for the various sub-
strates. A route to high-purity NCD films from C, dimers and re-
lated mechanisms was investigated!!*! by enhancing C, growth
chemistry in Ar-rich microwave plasmas. C, grows ND on dia-
mond surfaces but rarely initiates nucleation on foreign surfaces.
The phase purity can be improved by increasing the dominance
of ND growth from C, over non-diamond growth from CH,
(x = 0-3) and large radicals. It was found that growth of ND
thin films from hydrocarbon/Ar-rich plasmas was very sensitive
to the contribution of C; and C,H species from the plasma. 40!
Among other growth studies, the effect of total pressure on
growth rate and quality of diamond films prepared by MWCVD
was investigated by Li et al.l'*!l showing that when the total
pressure changed from 1.03:10* to 1.68:10* Pa the growth rate
increased from 3 to 16 um/h. Under a gas pressure lower than
that used for growth, a high nucleation density of diamond films
on alumina, as high as 108/cm?, and creation of [100]-textured
diamond films deposited on alumina was successfully achieved
by MWCVD at 800-860°C."4?! NCD films are promising candi-
dates for tribological applications, in particular when deposited
on hard ceramic materials such as silicon nitride (SizNy4). Thus,
MWCVD deposition of NCD was achieved using Ar/H,/CHy
gas mixtures on plates and ball-shaped Si3N, specimens either
by a conventional continuous mode.'**!

CHEMICAL PROPERTIES AND FUNCTIONALIZATION
OF NANODIAMONDS

The structure, solubility, and electronic/magnetic prop-
erties of ND vary depending on how the surface carbon
atoms are terminated.!'*# So, its functionalization with active
biomolecules is attractive for possible medical applications,
among many others. In this relation, different approaches to
the surface functionalization of ND, i.e., the key in success-
ful biomedical applications (in particular, biosensing), as well
as modification of diamond surfaces with nucleic acids and
proteins, were reviewed by Grichko et al.'*’! Linear pUC19
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molecules with blunt ends, prepared by restriction of the initial
ring form of pUC19 DNA, and linear 0.25-10 kb DNA frag-
ments were found to be adsorbed on NDs.['46! The amount of
adsorbed linear DNA molecules depended on the size of the
molecules and the size of the ND clusters. Size separation (im-
portant for passive targeting such as EPR effect in tumor imag-
ing) of ND particles (4 to 25 nm) by use of ultracentrifugation
and synthesis of fluorescent ND through the surface chemical
modifications for adding requisite functions to NDs such as
dispersibility and visibility were reported by Komatsu.!'4”!

Functionalization of ND with non-biological organic
molecules includes use of, in particular, amine derivatives,
whose attachment leaded to enhanced ND solubility. Thus,
ND was covalently functionalized with 1,3-propanediamine to
obtain a novel derivative (ND-NH;) with 29.97% of ND, in
which the 1,3-propanediamine molecules were covalently at-
tached to the NDs through amide linkages.'*¥! This compound
dissolves not only in inorganic or organic acidic aqueous so-
lutions, but also in organic solvents such as acetone, CH,Cl,,
NMP, DMF, DMAc and DMSO; this might be a beneficial base
for next study and application of ND in fields of complex elec-
troplating and lubrication. A radio-frequency plasma discharge
in vaporized silane coupling agent N-(6-aminohexyl) amino-
propyl trimethoxysilane was applied to successfully function-
alize the NCD surface with the primary amino group NH, as
confirmed by using fluorescamine-in-acetone spray as a fluo-
rescence marker.!'*’! Hydrophobic blue fluorescent ND, easily
dispersible in hydrophobic solvents and forming a transparent
colloidal solution, was synthesized by covalent linking of oc-
tadecylamine (ODA) to the surface of ND particles (reaction
4).1501 This material can be used in those applications where
stable dispersions of ND in fuels, polymers or oils are required.
Due to the long hydrocarbon chains linked to its surface, the
ND-ODA can be easily dispersed in hydrophobic solvents such
as benzene, toluene, chloroform, dichloromethane, etc. (Figure
4). At the same time, it is immiscible with water and poorly
miscible with polar hydrophilic organic solvents such as DMF,
ethanol, methanol, and acetone.

o]

FIG. 4. Particle size of ND-ODA in toluene (1) and chloroform (2); photo-
graph of 0.01% wt. suspensions of ND and ND-ODA in toluene.

groups to the surface of primary diamond nanoparticles yielding
stable, homogeneously functionalized ND particles in colloidal
solution. Even in media where the original particles were floc-
culating, an efficient functionalization took place. The latter led
to truly dispersed primary nanoparticles with a homogeneous
surface termination. In a related work, functionalization of ND
particles with aryl organics using Suzuki coupling reactions was
demonstrated by Yeap et al.'>?! derivatizing hydrogenated ND
with aryl diazonium or with boronic acid groups followed by
Suzuki cross coupling with arenediazonium tetrafluoroborate
salts, in particular in a capillary microreactor (Figure 6). These
reactions have general validity to a wide range of organic dyes
that have boronic acid or halide functional groups. The disper-
sion of the ND in organic solvent can be thus improved by
coupling hydrophobic aryl groups.

CH;(CH,),7NH,

o soCl,
ND% — > ND

OH Cl

A general procedure to functionalize agglomerating nanopar-
ticles demonstrated on ND was examined by Liang et al.,[!>!]
who reported a new technique to facilitate surface chemistry
of nanoparticles in a conventional glassware system offering a
beads-assisted sonication (BASD) process to break up persis-
tent agglomerates of NDs in two different reactions (silaniza-
tion with an acrylate-modified silane (Figure 5a) and the aryla-
tion using diazonium salts (Figure 5b) for simultaneous surface
functionalization. This allowed for the efficient grafting of aryl

ND

HN_(CH2)1QCH3 (4)

Among classic works on “inorganic” functionalization of
ND, 153 at least at the first step, we note a suggested technology
of ND surface modification,'>* which allowed separation of
commercial ND powders into two fractions (differing in size
characteristics), each possessing absolutely new properties as
compared to the initial powder. Physical and chemical properties
of these modified NDs were studied. Analysis of structural and
chemical impurities in NDs, polyfunctional surface termination,
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FIG. 5. Surface functionalization of ND. (a) Silanization of ND surfaces. (b) Arylation of NDs by applying aromatic diazonium salts.

agglomeration, and other features that may restrict the ND ap-
plication in academic research and industrial practice were re-
viewed by Spitsyn et al.,l'>! as well as ND purification and
surface functionalization, using a high temperature treatment in
gaseous media containing hydrogen and chlorine. The meth-
ods for the covalent functionalization of nano size (~2-10 nm)
diamond powders, as well as CNTs, were reviewed by Khabash-
esku et al.['>®! The described methods involved direct fluorina-

Scm
Microcapillary
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FIG. 6. (Top) Glass microcapillary reactor for Suzuki coupling, (bottom)
Schematic showing electroosmotic flow in the glass microcapillary.

tion, organic free radical additions, fluorine displacement re-
actions in fluoro-nanotubes, and fluoro-ND producing amino,
hydroxyl, and carboxyl group-terminated derivatives.!'>”! Thus,
the reaction of nanoscale diamond powder with an elemental
fluorine/hydrogen mixture at 150—470°C resulted of ND sur-
face fluorination yielding a fluoro-ND with up to 8.6 at. %
fluorine content,8~101 yused as a precursor for preparation of
the series of functionalized NDs by subsequent reactions with
alkyllithium reagents, diamines, and amino acids (Scheme 1),
as well as a starting material for the diamond coating on mod-
ified glass surface (Figure 7). All functionalized NDs showed
an improved solubility in polar organic solvents, for instance
alcohols and THF, and a reduced particle agglomeration. The
developed method can be extended to ND coating of various
substrates, such as quartz, silicon, metals, and other materials.
Additionally to the functionalization reactions above, graphi-
tization processes of diamond with emphasis on the low tem-
perature graphitization at 1370-1870 K were described and
reviewed by Kunzetsov et al.l'®l Some nanocarbons (such

He ?I‘i He

1. Hydroxylation
2. APTES treatment
I »
Glass
APTESglass
gF
: s
F F FFIF
F ODCB H
. @ =ND particle
~130°C, 24~40 hr

ND-glass

FIG. 7. Reaction steps for coating glass with fluoro-ND. APTES is 3-
aminopropyltriethoxysilane, ODCB is 1,2-dichlorobenzene.
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SCH. 1. Fluorination and further functionalization of ND with amines and amino acids.

as onion-like carbon (OLC), sp*/sp® nanocomposites, and
nanographite) can be thus produced using controlled ND graphi-
tization. A theoretical analysis of the graphitization of a ND in
the metastable state was reported by Kwon et al.'2l A ND
annealed at a relatively lower temperature suffers morpholog-
ical transition into a ND-graphite core-shell structure. It was
established that the ND was not completely transformed into
graphite by simple annealing at relatively lower process tem-
perature and pressure and the highest graphitization probability
decreased with increasing annealing temperature. However, ac-
cording to Leyssale’s datal'®, the annealing of a small ND
cluster at 1500 K, as studied by molecular dynamics, led to an
almost fully graphitized carbon onion. The remaining 17% of
sp> atoms were delocalized on the whole particle, both under
the form of isolated point defects and of small diamond-like
clusters separating large graphite-like domains. This is in ac-
cordance with the results of similar investigations, where it was
found that the diamond nanoparticles begin to graphitize in the
range of 1100-1200°C and all the particles transform into onion-
like carbons at 1400°C.["%* Other aspects of graphitization have
also been discussed,'®~1¢7 in particular ND graphitization in
conditions of laser ablation!'%®! or stimulated by electron-hole
recombination.!'%!

NANODIAMOND FILMS AND COMPOSITE MATERIALS

ND films, methods and mechanisms of their formation have
been extensively covered. Thus, ND films deposited by ener-
getic species using the direct-current glow-discharge (DC-GD)
deposition technique were reviewed by Hoffman et al.['70:171]
ND film and growth was explained as a sub-surface process
in terms of a four step cyclic process. ND films with a large

area, low stress and smooth surface were deposited on mirror-
polished Si wafers under continuous ion bombardment by a hot-
filament CVD (HFCVD) chamber equipped with a substrate bias
system.!'7?! The size of diamond clusters in the film can be con-
trolled by a suitable selection of deposition parameters such as
the ratio of CHy4 to H,. To verify a statement, that ion bombard-
ment is the main mechanism in the bias-enhanced-nucleation
process during the initial stage of diamond film growth by
CVD, mass-separated ion-beam deposition experiments were
carried out, in which a pure C ion beam, with precisely defined
low energy, was selected for investigating the ion-bombardment
effect on a Si substrate.!'”3! The obtained results supported the
ion-bombardment-enhanced-nucleation mechanism. NCD films
were found to be good support for adhesion, growth and dif-
ferentiation of osteogenic cells and could be used for surface
modification of bone implants to improve their integration with
the surrounding bone tissue.!'74!

Such substrates as carbides or silicon were used as supports
for ND depositation by MPCVD techniques. Thus, the diamond
coating containing elemental Si was deposited on a cemented
carbide substrate with use of Hy, CH,4 and octamethyl cyclote-
trasiloxane (D4) as precursors by MWCVD.U'7! The results
revealed that when the flow of D4 was larger than that of CHy,
the cellular structure was obtained, and the diamond-coating
with good quality and good adhesion was deposited with a little
Si only when the flow of D4 was equivalent to that of CHy. NCD
thin films (grain size 10—20 nm) were grown on silicon substrates
at 480°C using methanol and hydrogen mixtures in MPCVD
conditions.!'’®! The high quality NCD film could be deposited
on a 50 mm diameter Si substrate by increasing the methanol
concentration and reducing the deposition temperature. NCD
films are highly strained materials, in general.'”’! Unstrained
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failure-resistant NCD films were obtained by performing bias-
enhanced nucleation in a MWCVD system followed by NCD
deposition in a hot-filament CVD system. Simple method for
synthesizing diamond nanofilm with MW plasma at low tem-
perature, patented by Zhou et al.,'78 included the steps of a)
introducing argon and hydrogen to a microwave plasma syn-
thesis chamber, b) ionizing at 600-750 W and 900-1,100 Pa
to obtain plasma, and c) standing till the plasma is stable, and
introducing methane to precipitate diamond nanofilm.

A grand variety of composite materials has been manufac-
tured on the ND basis and polymers in order to improve prop-
erties of polymer matrixes. Thus, an efficient method was de-
veloped to achieve improved dispersion of detonation ND par-
ticles in amorphous thermoplastic matrices. It was found that
the reinforcing and toughening effects of uniformly-dispersed
nanoparticles on polymer matrixes was pronounced at lower
loading compared with traditional mixing procedure.!'”®! Trans-
parent heat-resistant polymer-ND composites were obtained by
Sawaguchi et al.l'8 by dispersing ND in a polymerization sol-
vent at the stage of polymerization reaction. Binary combina-
tions of ND, few-layer graphene, and single-walled nanotubes
were used to reinforce polyvinyl alcohol.['®!] The mechanical
properties of the resulting composites showed extraordinary
synergy, improving the stiffness and hardness by as much as
400% compared to those obtained with single nanocarbon rein-
forcements. The effects of modifying additives of nanodispersed
substances on rheological and relaxation properties of polymer-
ND composite materials based on polydimethylsiloxane, '8!
polyurethanes, nitrile rubber, and polycarbonates!'#3 were es-
tablished. Effective method for introduction of dispersed filler
particles of detonation ND into a polymeric matrix, based on
disaggregation and uniform deposition of the filler onto the
surface of polymeric particles in an inert liquid medium un-
der the action of ultrasound, was developed.!'3*! Among other
similar composites, preparation and application of fluoroalkyl-
containing oligomer-ND composites was reported.!'!

Inorganic-based diamond and ND composites, generally
leading to hard carbide- or nitride-containing coatings, are also
known. Thus, ultrahard multilayer coating was composed of
two chemically different layered nanocrystalline materials, ND
and nano-cubic boron nitride (nano-cBN).['86] Nano-cBN layers
were directly grown on ND crystallites using ion-assisted phys-
ical vapor deposition and ion-assisted plasma enhanced CVD
(PECVD), again followed by ND deposition using CVD meth-
ods in cycles until the intended number of layers of the final
composite was obtained. The obtained multilayer structure pos-
sessed extreme hardness (82 GPa), high surface smoothness, sig-
nificantly reduced film stress compared with a single cBN layer
of equivalent thickness, and great chemical stability.['8”) A study
of MPCVD diamond deposition on Si3Ny4-TiN composites with
different TiN amounts (030 vol.% TiN) was performed''®®! in
order to obtain a suitable material to be cut by electrodischarge
machining, aiming their use as substrates for cutting tools and
tribological components. Composite thin films of ND and sil-

ica nanotubes were synthesized by means of MPCVD on silica
nanotube matrix that was seeded with ND particles.['8?] ND
grew around silica nanotubes and filled the space left between
silica nanotubes to form a continuous film. In a related work,
fabrication of high density NCD-coated silica nanofibers with
diameters of 1-5 ;zm was reported by a template technique,!*"!
consisting of the preparation of templates (SiO, nanofibers)
by conventional vapor-liquid-solid method and the conformal
coating of the nanofibers with ND by MWCVD technique in
hydrogen-deficient conditions. A composite with hardness over
55 GPais obtained by cobalt infiltration (min. 6 vol. %) into a ND
at a pressure of 8 GPa.['!l In the presence of cobalt, graphite-
like carbon was inversely transformed into diamond with a slight
time delay. The hybrid diamond-graphite nanowires, consisting
of a single crystalline diamond core of 5-6 nm in diameter
oriented along the [110] principal axis and graphite shells of
different thickness covering the core, with lengths up to a few
hundred nanometers were identified as structural units in UNCD
films synthesized by CVD with nitrogen gas added.'*%

Water-soluble (2-1 g/L) magnetic NDs (Figure 8) were pre-
pared via solid-state microwave arcing of a ND-ferrocene mixed
powder in a focused microwave oven.!'*3 It was shown that a
magnetic nanodiamond (MND) was composed of iron nanopar-
ticles encapsulated by graphene layers on the surface of NDs,
had a saturation magnetization of ~10 emu/g and a coerciv-
ity field 155 G, and via covalent surface grafting of organic
fluorescent molecules can be converted to fluorescent MNDs
(FMNDs), whose color of fluorescence was readily tunable de-
pending on the polymerizable fluorescent monomer used in the
surface grafting process. The FMNDs had an aqueous solubil-
ity of ~2.1 g/L and were collectible with an external magnet,
which is important in many biomedical applications. The au-
thors stated that these NDs could serve as biocompatible cargos
to transport various biologically active species, such as proteins,
DNA, signal-transduction molecules, and drugs, into cells for
various biomedical investigation or treatment of diseases. Also,
ND composites were produced, in particular, in low-pressure
microwave gas-discharge plasma,!'°¥ laser-induced phase tran-
sition (ND on cast alloy A319),!'%/ or by the incorporation of
ND into plated films,"”®! among other techniques.'?’~1%%

APPLICATIONS

NDs have got a series of distinct applications in various areas,
in particular medicine, electrochemistry and creation of novel
materials. Thus, the sensing film for the gas sensor on the ND
basis was prepared by coating semiconductor particles mixtures
on a substrate and making semiconductor particles adsorb onto a
metal film.[>*! Nitrogen-incorporated ND electrodes were fab-
ricated using MWCVD by N, incorporation achieved by the
introduction of N, along with H, and CHy in the plasmam”
and used to study the detection of dopamine showing excel-
lent electrochemical response. The electrochemical response of
an electrode-immobilized layer of undoped, insulating diamond
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FIG. 8. Schematic process for surface functionalization of magnetic NDs.

nanoparticles was attributed to the oxidation and reduction of
surface states.?92 It was established that the potentials of these
surface states were pH-dependent and able to interact with so-
lution redox species. Another electrochemistry-related achieve-
ment was the method for galvanic deposition of NDs-based
coating compound by introduction of aqueous suspension of
NDs into solution of electrolyte to initiate coating sedimenta-
tion by electrolysis was offered to improve wear resistance of
metal surfaces.!?*3! ND applications in the production of com-
posite electrolytic coatings on the basis of Cr, Ni, Au, and Ag,
exhibited good service properties, and save on the use of no-
ble metals and electrical power were exemplified,?** as well
as ND applications for the modification of plastics, antifriction
lubricants, and oxide coatings grown by microarc oxidation of
aluminum alloys.

The normal-temperature glass was prepared by acid- or
alkali-hydrolyzing and dehydrocondensing an aqueous and/or
alcohol solution of ND-dispersed metal alkoxide, applying on a
substrate, and drying at <200°C.[2%5] This glass gave a film with
good deodorization and antibacterial effect owing to ND and
can be applied on the substrate with any surface. The method
of obtaining polyfunctional ND sorbent for sorption and chro-
matographical separation, in particular of protein molecules,
was offered including processing of polysaccharide matrix,
which was first cleaned from preservatives with distillate water,
and than processed with 0.5-10.0 wt % ND hydrosol.[?%! The
possibilities of applying of DND in untraditional areas were
emphasized,?°’! in particular their prospective use as polyfunc-
tional adsorbents for purification of the proteins and enterosor-
bent and compound carrier applied for medical purposes. Protec-
tion of documents, valuable papers and products with diamond
nanocrystals with active nitrogen-vacancy center by application
or insertion of a special fluorescent mark on the protected doc-
ument was offered by Zibrov et al.?! ND was offered as a
new type of lubricating additive due to its double performances
of both diamond and nano-material.>®! The key problem was
the surface modification of ND aggregates to achieve the deag-
gregation and stable dispersion of ND in the oil. As an exam-
ple of composition for such a lubricant, the friction material
was manufactured from nanometer diamond 1.2—-14%, bronze
powder 2-25%, rare earth oxides or fluorides, among others,
1-50%, and polytetrafluoroethylene to 100%.1>'1 Among other

non-medical ND applications, we note its use as an additive
for photocurable composite resin matrix, whose main filler was
barium glass,””'" and as a reducing agent in energetic chlorate-
based compounds.?!?!

Biomedical applications of NDs are well-developed and re-
lated with the recently established fact that carbon NDs are much
more biocompatible than most other carbon nanomaterials, in-
cluding carbon blacks, fullerenes and carbon nanotubes.?!?!
Their tiny size, large surface area and ease functionalization
with biomolecules, makes NDs attractive for various biomedi-
cal applications both in vitro and in vivo, for instance for single
particle imaging in cells, drug delivery, protein separation and
biosensing. Some radiation-damaged NDs can emit strong and
stable photoluminescence (red or green) from nitrogen-vacancy
defect centers embedded in the crystal lattice.””!*! Specific use
of NDs in both non-conjugated and conjugated forms as en-
terosorbents or solid phase carriers for small molecules includ-
ing lysozyme, vaccines, and drugs was reviewed.?!”!

Among a series of biomedical applications of NDs, we note
direct observation of growth hormone receptor in one single can-
cer cell using ND-growth hormone complex as a specific probe,
reported by Cheng et al.?'®! The growing hormone molecules
were covalently conjugated to 100 nm diameter carboxylated
NDs, which can be recognized specifically by the growth hor-
mone receptors of A549 cell. Bovine insulin was non-covalently
bound to detonated NDs via physycal adsorption in an aqueous
solution and demonstrated pH-dependent desorption of sodium
hydroxide.?!” NDs combined with insulin at a 4:1 ratio showed
79.8+4.3% adsorption and 31.3£1.6% desorption in pH-neutral
and alkaline solutions, respectively. The location and distribu-
tion of 100 nm carboxylated ND particles in cell division and
differentiation was investigated by Liu et al.*'8) ND’s clusters
were carried inside of cell but without inducing damages af-
ter long-term cell culture. Endocytic ND particles were found
to be non-cytotoxic in cell division and differentiation, which
can be applied for the labeling and tracking of cancer and stem
cells. A platform approach of water-dispersible, ND cluster-
mediated interactions with several therapeutics (Purvalanol A
and 4-hydroxytamoxifen) to enhance their suspension in wa-
ter with preserved functionality was demonstrated by Chen et
al.?"! This approach served as a facile, broadly impacting and
significant route to translate water-insoluble compounds toward
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treatment-relevant scenarios. For diamond nanoparticles used
as fluorescent labels in cells,!??°! the photoluminescence of a
single color center embedded in a 30 nm diameter ND was
compared to that to a single dye molecule and demonstrated the
perfect photostability of the color centers. Optimal parameters
to achieve a high fluorescence yield were determined.

CONCLUSIONS

Despite the fact that the diamond in its nanoforms is
known during several decades, it continues being of an inter-
est for researchers working in materials chemistry, biology, and
medicine. As one of numerous carbon allotropic forms, which is
much more biocompatible with human organism in comparison
with others, the NDs, functionalized with biomolecules, have
got a series of useful applications for drug delivery and as fluo-
rescent labels in cells. Additionally, use of NDs for reinforcing
polymers and creation of ultrahard composites are attractive for
industrial applications. The functionalization capacity of NDs,
as well as that of such other carbon forms as graphene,>?!!
fullerenes!??>22%! or carbon nanotubes,?*¥! is very rich and, un-
doubtedly, subject to rapid progress in near future.
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