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List of abbreviations:

ATR Ð attenuated total reflection,

BAS Ð biologically active substance,

BTF Ð benzotrifuroxan, benzotris(1,2,5-oxadiazole

1,4,7-trioxide),

CEC Ð composite electrochemical coatings,

CNT Ð carbon nanotubes,

CRZ Ð chemical reaction zone,

DB Ð diamond detonation blend,

DGEBA Ð diglycidyl ether of bisphenol A,

DND Ð detonation nanodiamond,

DP Ð detonation products,

DS Ð drug substance,

FL Ð fluorescence,

HPA Ð high-pressure apparatus,

NV Ð nitrogen vacancy,

OB Ð oxygen balance,

OPBI Ð highly heat-resistant poly[2,20-(p-oxydipheny-
lene)-5,50-bibenzimidazole],

PA6 Ð polyamide 6 (kapron),

PDMS Ð polydimethylsiloxane,

PPase Ð pyrophosphatase,

PVA Ð polyvinyl alcohol,

RDX Ð hexogen (cyclotrimethylenetrinitramine),

TATB Ð 1,3,5-triamino-2,4,6-trinitrobenzene,

TETA Ð triethylenetetramine,

TH Ð a charge of TNT (trotyl) and RDX (hexogen),

TNT Ð 2,4,6- trinitrotoluene (trotyl),

UHMWPE Ð ultrahigh molecular weight polyethylene,

UPTFE Ð ultradispersed polytetrafluoroethylene,

VTMOS Ð vinyltrimethoxysilane.
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1. Introduction

More than 50 years have passed since the discovery of

detonation nanodiamonds (DNDs), 4 ± 6 nm carbon par-

ticles. The last decade witnessed a revival of the interest in

DNDs. The range of raw materials for the synthesis of

nanodiamonds is being expanded: new explosives extracted

from ammunition are now used. Modified and doped

DNDs were obtained, a new environmentally safe and

economically feasible processes for their chemical purifica-

tion appeared. This led to a significant change in the

properties of DNDs (for example, high conductivity 1 aris-

ing upon doping) and increased the potential for their use in

micro- and nanoelectronics. Studying the properties of

DNDs and DND-based materials expanded their applica-

tions in traditional and new fields.

Not all important DND characteristics correspond to

analogous values of large crystallites: the heat conductivity

of the DND powder is two orders of magnitude lower than

that of a bulk crystal; the radiation resistance of the

crystallite can be high only when there are no metal or

nonmetal impurities on the surface or in the pores of the

DND powder; chemical inertness of the DND core is only

implied, since the functional groups present on the nano-

crystal surface make it, conversely, fairly chemically reac-

tive. Doping of DND crystallites with heteroatoms (nitro-

gen, silicon, phosphorus, boron) results in the change in

optical, magnetic and thermophysical properties. Currently,

nitrogen doping of DND crystallites to give nitrogen

vacancy (NV) centres is considered to be most promising.

These nanocrystals can be regarded as elements of a

quantum computer. The generation of NV centres in DND

crystallites can give an impetus for the development of

nanodiamond spintronics.

The studies of properties of pristine and modified DNDs

are being expanded, and the number of relevant publica-

tions increases every year.2 ± 4 The interest is evidently

focused on practical application of DNDs in various fields

of science, technology, medicine and biology.

Detonation nanodiamonds can serve as examples of

diversity and inexhaustibility of the properties of the nano-

world. They belong to the family of nanocarbons, which

includes fullerenes, carbon nanotubes, graphene, globular

nanocarbon, onions and other structures, and are among

the few products that are commercially manufactured.

Traditionally, DNDs are produced in industry starting

from mixtures of 2,4,6-trinitrotoluene (TNT) and RDX

(cyclotrimethylenetrinitramine) in which the component

ratio is 50 : 50 or 60 : 40. Other aromatic nitro derivatives,

for example, tetryl (N-methyl-N-2,4,6-tetranitroaniline),

have also been proposed for this purpose. The DND

production at the Plant `Plastmass' (Kopeisk, Russia) is

wholly based on the use of tetryl.

The originality of the method of DND synthesis consists

in the fact that the `surplus' carbon atoms in the molecules

of explosives serve as the source of carbon, that is, the

starting compounds have a negative oxygen balance (OB).{

In other words, they contain less oxygen than it is necessary

for oxidation of all combustible components. The use of

DNDs in various industry branches is driven by the need to

crucially improve the performance characteristics of com-

posite materials. With the existing level of development of

the synthesis and understanding of application prospects of

DNDs, they are now considered among the most advanta-

geous carbon nanomaterials for nanotechnologies.

The purpose of the present review is to systematize the

available data on DNDs, taking into account their unique

properties, new production processes and applications in

various fields of science and technology. This is not an

exhaustive description, in view of the limited size of the

review, but an account specially addressing the above

aspects.

2. Detonation synthesis of nanodiamonds

2.1. Possible mechanism of the synthesis of nanodiamonds
The views on the mechanism of the detonation synthesis of

DNDs that prevailed a decade ago are described in

detail.5 ± 7 This description is fragmentary and often contra-

dictory. In view of the enormous temperature

(3000 ± 4300 K) and pressure (20 ± 30 GPa), thousands of

chemical reactions involved and, what is most important,

short time of the detonation transformation of explosives

(0.170.3 ms), currently there is no evidence-based proof for

the processes that take place in the space from the deto-

nation wave front to the Chapman ± Jouguet plane,{ i.e., in

the chemical reaction zone } (CRZ). Therefore, it is also

difficult to conceive the chemical and physical processes

that originate upon expansion of the gaseous detonation

products (DP) } and involve condensed carbon. It is

believed that at least 80% of the explosion energy is released

in the CRZ, while correspondingly *20% of the energy is

released behind the Chapman ± Jouguet plane.

In many studies (e.g., Refs 8 ± 12), it is assumed that the

major process of formation of DND crystallites starts after

the detonation wave front has propagated up to the Chap-

man ± Jouguet plane and ends much further from this plane

upon DP expansion. The growth of DNDs is terminated not

only because of decrease in the pressure and temperature,

but rather due to a decrease in the concentration of carbon

radicals.

Meanwhile, there are different points of view on the

DND formation process. The use of small-angle X-ray

scattering made it possible 13, 14 to study the evolution of

carbon particle size at the onset of explosive detonation

front. Immediately behind the detonation front, the authors

detected condensed carbon nanoparticles with a density

exceeding the density of plasma in the CRZ and determined

the size of these particles to be up to 2 nm. As the process

goes on, the diameter of dense nanocarbon particles (d )

increases to reach, within *4.5 ms, different values depend-
ing on the type of the initial explosive. For explosives such

as 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), a mixture

of TNT and RDX (TH), and benzotrifuroxan (BTF), the d

values were as follows

{Oxygen balance is the mass of oxygen that remains after oxidation of all

carbon contained in the explosive molecule to give carbon dioxide and

oxidation of all hydrogen to give water divided by the mass of the taken

explosive, expressed in percentage. Nitrogen is assumed to remain in the

free state.

{The plane in which the energy release stops and the substance flux

velocity is equal to the local sound velocity.

}The chemical reaction zone is the area located immediately behind the

detonation front of the explosive (hundreds of micrometres) separating

the initial explosives from gaseous explosion products. In this zone, heat

evolution takes place, its temperature is *3000 ± 4500 K, the pressure is

*18 ± 35 GPa and the substance density is*2.3 g cm73.

}Gaseous and solid products formed upon detonation of the explosive.
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Explosive TATB TH 50 : 50 BTF

d /nm *2.8 *6 ± 7 *7.2

In the authors' opinion, in the case of TATB, these

particles represent graphite-like carbon rather than DND

nanocrystallites. It is noteworthy that small-angle X-ray

scattering procedures make it possible to determine only the

particle size, while other methods are needed to prove their

graphite or diamond structure.

Explosives used for the production of DNDs have a

relatively high negative oxygen balance; therefore, a high

concentration of non-oxidized carbon is formed in the CRZ

during the explosion. Note that thousands of radical reac-

tions take place in the CRZ and the composition of plasma

constantly changes. The P,T conditions in the plasma

containing condensed carbon correspond to the stability

area of the diamond phase, which gives rise to DND pre-

structure, which can hardly be converted to a non-diamond

carbon state. The complete dissociation of the starting

explosive into atoms during explosion, assumed by many

researchers (e.g., Refs 15 ± 17), seems unlikely. Indeed,

complete dissociation into atoms of, for example, TNT

requires an energy of *24 000 kJ kg71; meanwhile the

heat of explosion is *4300 kJ kg71, i.e., it is *5 times

lower.18 The RDX dissociation requires *19 000 kJ kg71,

while the heat of its explosion is only *5700 kJ kg71

(*3 times lower). In the case of potent BTF explosive,

*25 000 kJ kg71 are needed for dissociation into atoms,

whereas the heat of explosive destruction does not exceed

*5900 kJ kg71 (*24% of the required value). Thus, com-

plete dissociation of explosives, including carbon, is impos-

sible. The condensation of carbon atoms into some

amorphous carbon phase in combination with liquid-drop

coalescence is also of little probability.19 The formation of

DNDs from a highly supersaturated carbon vapour is

extremely doubtful.16, 17

The degradation of explosives is a complex multistage

process comprising both consecutive and parallel reactions.

Upon detonation, there is no enough time for chemical

equilibrium of the products to be established, since the

reactions do not proceed to completion and give certain

amounts of intermediates. Varying the initial density of the

charge results in changed composition of detonation prod-

ucts. The experiments that determine the composition of

cold detonation products do not provide information about

their composition in the Chapman ± Jouguet plane, because

the composition changes upon expansion and cooling. It

was shown 20 that at temperature >800 K, all nitro com-

pounds decompose by a radical mechanism. Furthermore,

according to a theoretical study,21 the RDX degradation

mechanism dominating in the gas phase is a radical mech-

anism in which radical anions decompose via elimination of

the NOÿ2 anion.22

Linstrom 23 studied the electrospray ionization mass

spectra of RDX and identified two peaks at m/z 30 and 46

corresponding to nitrogen mono- and dioxide. Presumably,

there are several mechanisms of formation of nanodiamond

crystallites.18 The parent fragment that forms the base for

future nanocrystallites is the C2
.
dimer radical, and one of

the mechanisms may follow energetically the most favour-

able pathway, which includes the formation of cyclohexane

followed by its conversion to ionized adamantane. For

example, degradation of RDX gives, most likely, CH2
..
, C2

.
,

CO, H
.
, N2, CN, Nx and O. The presence of hydrogen

radical allows closing the chain of reactions. In this case, the

growth of nanocrystallites is due to the attack of the nano-

diamond particle surface by the C2
.
radical, i.e., it occurs by

a diffusion mechanism.10 The arrangement of carbon atoms

in the adamantane molecule largely resembles that in the

diamond crystal lattice. According to Dolmatov et al.,18

hydrogen-containing explosives, for example TNT, provide

the growth of the DND particle not only via the attack by

C2
.
, but also via the competitive attack by methyl radicals.

Therefore, the yield of DNDs is *1.5 times higher from

TNT-containing mixtures than from 1,3,5-trinitrobenzene.

The appearance of DND particles is facilitated by not

only physical process parameters (pressure and temper-

ature), but to a considerable extent by chemical reactions

Table 1. Characteristics of the views on DND formation.

No. Main results Ref. Comments of authors of this review

1 The formation of DND crystallites starts in the chemical reaction 8 ± 12 Basically correct, but no detailed elaboration

zone and ends in the beginning of the isoentropic (Taylor) expansion

of detonation products

2 Using small-angle X-ray scattering, the evolution of carbon nano- 13, 14 Only carbon is detected, while its allotropes are

particle size was followed starting from the time of passing of the unknown. The time of existence of the chemical

detonation wave front reaction zone is 0.1 ± 0.3 ms, while the time of

particle growth is 10 ± 30 times longer.

These data are very important

3 Complete dissociation of explosive molecules into atoms. 15 ± 17 This seems unlikely. Complete bond rupture in

Homogenization of 'free' carbon atoms and the subsequent the explosive molecule requires 4 ± 5.5 times

condensation to amorphous phase in combination with liquid-drop more energy than the energy released upon

coalescence or carbon coagulation and crystallization detonation

4 The DND pre-structure is formed throughout the chemical reaction 18 This is quite probable

zone from C2 radicals. Nanodiamond may appear through the following

sequence of transformations: cyclohexane ? adamantane ? diamond.

The process ends as the detonation products start to expand.

The DND growth stops due to accumulation of structural defects

of the crystallite, termination of sp2 to sp3 transition of carbon atoms

and exhaustion of carbon radicals (recombination)

V.Yu.Dolmatov, A.N.Ozerin, I.I.Kulakova, O.O.Bochechka, N.M.Lapchuk, V.MyllymaÈ ki, A.Vehanen

Russ. Chem. Rev., 2020, 89 (12) 1428 ± 1462 1431



caused by the fundamental properties of carbon both in and

behind the CRZ. As soon as the C2
.
free radicals have been

exhausted and defects in the structure of the growing nano-

particle (behind the Chapman ± Jouguet plane) have been

accumulated, the crystallite growth is terminated. Accord-

ing to Dolmatov et al.,18 this mechanism of DND formation

may be universal, with the C2
.
radical being the initial

species.

The views on the possible mechanism of DND forma-

tion are summarized in Table 1. More detailed description

of the mechanism of formation of DND crystallites would

be possible only after new instrumental methods for analy-

sis of fast processes are developed.

2.2. Regularities of the detonation synthesis of nanodiamonds
A number of regular patterns reflecting the influence of

operating parameters on the yields of DNDs and diamond

detonation blend (DB) after explosion are now estab-

lished.6, 7, 24 ± 26 These parameters include

Ð contents of charge components and specific power;

Ð effect of additives on the explosive charge;

Ð oxygen balance of the charge;

Ð density and dimensions of the charge;

Ð heat capacity and composition of the gas atmosphere

in the explosion chamber;

Ð optimal ratio of the chamber volume and the mass of

the explosive charge.

There are three options for firing the charge for the

production of DNDs:

Ð in the atmosphere of inert gas (nitrogen, argon, CO2,

etc.) or in the gaseous products of the explosion;

Ð in water armour of the charge;

Ð in ice armour of the charge.

The first option leads to low yields of diamond-contain-

ing products (<4 mass% for DNDs) and the greatest

incombustible impurity content (up to 30 mass%) in the

DB due to the strong action of the detonation wave on the

wall of the explosion chamber with the simultaneous corro-

sive action of acidic gases.

When a water shell is used (second option), the yields of

DB and DNDs (4.5 mass% ± 6 mass% for DNDs) are

higher. Water efficiently lowers the temperature of expan-

sion of detonation products, thus preventing conversion of

DNDs to a non-diamond carbon (graphite, onion carbon,

graphene, soot). The amount of incombustible residue in

the DB is 9 mass%± 10 mass%, while that in DNDs is

0.5 mass%± 0.9 mass%. Firing the explosive charge in a

shell reduces the discharge rate of detonation products, thus

bringing their composition closer to the equilibrium one

with carbon oxidation to CO2. Furthermore, a water shell

increases the time during which the pressure remains within

the diamond stability region.

The third option provides the highest yield of DB and

DNDs (*6 mass%), but pieces of ice strike against the steel

wall of the explosion chamber, which reduces its service life,

and the content of incombustible impurities in DB reaches

9 mass%± 13 mass%, while in the purified nanodiamonds

it is 1.2 mass%± 1.5 mass%. The water or ice shell of the

explosive charge retards the expansion of the detonation

products, thus providing for more complete chemical reac-

tions in the CRZ and behind the Chapman ± Jouguet plane;

it also efficiently withdraws excess heat released upon

decomposition of the explosives and preserves crystalli-

tes.6, 7, 13, 14

While selecting the composition of an explosive charge,

one should also consider economic factors,13 that is, it is

better to use commercially available inexpensive explosives.

The list of these explosives is moderate, first of all, these are

TNT and RDX. Whereas the use of these single explosives

results in very low yields of DNDs (0.7 mass% ±

0.9 mass% and 0.3 mass%± 1.0 mass%, respectively), the

use of their mixture (TH) (*50 : 50) results in DND yields

of up to 8.2 mass%, with other factors being optimized.

Among single explosives, only tetryl provides a DND yield

of >7.0 mass%. The commercial manufacture of tetryl has

been terminated, but its inventories are very large.27 The

same yield is provided by using binary 28 and ternary 29

mixtures based on tetryl.

Despite the possibility of optimizing the key parameters

that affect the synthesis of nanodiamonds, it is still impos-

sible to express the elucidated dependences as simple for-

mulae. Petrov 30 investigated the effect of the addition of

solid organic compounds, including both inactive com-

pounds (naphthalene, wax, etc.) and rather powerful explo-

Table 2. Yields of DB and DNDs from RDX of the addition of organic compounds (including explosives).30

No. Compound added Explosive OB (%) Yield (mass%) DND specific
charge density surface area

name amount (mass%) /g cm73 DB DND /m2 g71

1 Paraffin 20 1.45 786.5 14.6 1.83 479

2 Naphthalene 15 7 763.3 11.4 1.20 7
3 2,4,6-Trinitromesitylene 40 1.61 754.4 13.36 6.15 272

4 2,4,6-Trinitrotoluene 60 1.65 753.0 10.6 8.4 310

5 2,4,6-Trinitroxylene 40 1.64 748.7 11.2 5.12 232.7

6 Tetryl 100 1.61 747.4 9.10 4.10 427.5

7 2,4-Dinitrazapentane 60 1.56 743.7 7.3 1.9 427.5

8 1,3,5-Trinitrobenzene 60 1.69 742.4 8.45 5.48 312.1

9 2,4,6-Trinitrophenol 50 1.67 740.5 7.20 4.06 261.6

10 2,4,6-Trinitrocresol 40 1.69 738.0 7.37 4.72 240.0

11 2,20,4,40,6,60-Hexanitrodi- 50 1.67 737.2 6.86 5.22 7
phenylamine

12 Tetryl 50 1.63 734.5 3.41 2.47 7
13 2,3,4,6-Tetranitroaniline 70 1.60 729.0 4.07 2.42 123.6

14 1,3,5-Trinitrobenzene 20 1.71 728.5 4.74 2.90 210.5

15 2,4,6-Trinitroresorcinol 40 1.69 727.3 5.53 3.21 244.8
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sives (TNT, trinitrobenzene, etc.), to RDX on the yields of

DB and DNDs. The explosive charges were obtained by

pressing and fired without a shell. The results of experi-

ments of other authors with TNT, RDX and their mixtures

have been reported.31 ± 33 The available data 30 ± 33 were

analyzed by Dolmatov 24 and are summarized in Tables 2

and 3.

From the standpoint of cost of detonation synthesis and

decreasing burden on the chemical purification stage, the

optimal DND yield is 5.0 mass%± 8.0 mass% based on

explosives with an oxygen balance from 735% to 755%

and charges with a density of 1.60 ± 1.70 g cm73 (Ref. 34).

According to Dolmatov et al.,35 specific power and the

related yield of DNDs are universal characteristics of

explosives. The time of energy release upon explosion can

be assumed to be equal to the time it takes for the

compound or detonation products to move from the deto-

nation wave front to the Chapman ± Jouguet plane (i.e.,

from the beginning to the end of the chemical reaction

zone). This time may be tenths or hundredths of a micro-

second. For many practical calculations, the exact time of

existence of the chemical reaction zone has a crucial

importance; it can serve to determine the real power of an

explosive, which is different for different types of explosives

or their mixtures. All other conditions being equal, this

parameter strongly affects the DND yield. The explosive

power is expressed as the quantity of heat released upon

explosion of unit weight of the explosive per unit time

(1 ms).
The heats of explosion of various types of explosives or

their mixtures were determined many times, and the results

did not differ much; the time of existence of the chemical

reaction zone was determined rather accurately.36 ± 38 The

non-monotonic dependence of the DND yield on the

specific power of explosive is depicted in Fig. 1. If the

optimum yield of DNDs is taken to be 5 5 mass%, it is

necessary to use explosives with a power in the range of 30 ±

60 kJ kg71 ms71. The best result was obtained by using TH

(60 : 40) fired in a water shell. The other suitable charges are

tetryl, TH (50 : 50), TH (40 : 60), TH (36 : 64) 35 and binary 28

and ternary 29 charges based on tetryl.

The DND yield also depends non-monotonically on the

DP pressure in the Chapman ± Jouguet plane (Fig. 2), which

makes it possible to choose the optimal composition of the

explosive. The DP pressure should be in the range from 21

to 28.5 GPa.

Thus, one can conclude that for producing DNDs in a

stable yield of 55 mass%, the explosive (or explosive

composition) should have the following characteristics:

Ð oxygen balance from 735% to 755%;

Ð charge density >1.6 g cm73;

Ð explosive specific power from 30 000 to

60 000 kJ kg71 ms71;

Ð pressure of detonation products in the Chapman ±

Jouguet plane from 21 to 28 GPa.

Dolmatov 24 described the synthesis of DNDs from a

50 : 50 TG mixture with an oxygen balance of 47.8%. Thus,

47.8 mass % of carbon can theoretically remain in this

composition after explosion in the condensed state. How-

ever, the yield of free carbon (DB) based on the initial

explosive mass is only 12.65 mass%, with only

*50 mass% being the DNDs. As noted above, the DB

and DND yields are strongly affected by the gas medium of

the explosion chamber (the reducing nature of gases is

preferable).25, 39

Table 3. Yields of DB and DNDs from mixtures of RDX and trinitrotoluene.

No. Explosive charge OB (%) DB DND DND Content of incom- Ref.
yield content yield bustible compo-

fabrication and composition (mass%) density (mass%) in DB (mass%) nents in DND
detonation conditions /g cm73 (mass%) (mass%)

TNT TH

1 Casting, gas phase (N2) 100 0 1.59 774.0 18.0 15.0 2.7 7 31, 32

2 Casting, gas phase 60 40 1.67 753.0 13.6 7 5.16 7 31

3 Compaction, gas phase (N2) 0 100 1.61 721.6 7.0 8.6 0.6 7 30

4 Casting, gas phase 50 50 1.64 747.8 9.8 43.0 4.2 0.9 33

5 Compaction, water 50 50 1.62 747.8 12.6 45.9 5.8 0.77 33

6 Compaction, aqueous 50 50 1.63 747.8 9.4 64.7 6.1 0.20 33

solution of urotropin

7 Casting, aqueous solution 50 50 1.62 747.8 9.1 65.0 5.9 0.7 33

of urotropin

Specific power /kJ kg71 ms71
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Figure 1. Dependence of the DND yield on the specific power of
the explosive.35

Item Explosive Yield Item Explosive Yield
(mass%) (mass%)

1 TNT 1.06 6 TH (36 : 64) 5.4
2 TH (50 : 50) 6 7 TH (70 : 30) 4.7
3 TH (60 : 40) 7.2 8 TH (30 : 70) 4.4
4 Tetryl 6.5 9 RDX 1.1
5 TH (40 : 60) 5.8

The authors are grateful to Springer and Journal of Superhard
Materials for the permission to reproduce this Figure.
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The experience with commercial production of the

diamond detonation blend and nanodiamonds with the

established optimal process parameters using 50 : 50 TH

and a shell of an urotropin solution in distilled water

showed that it is possible to attain a DB yield of up to

12 mass %, with up to 68 mass% nanodiamonds being

contained in the blend (the yield of nanodiamonds from

50 : 50 TH is up to 8.2 mass%). The highest yield of

nanodiamonds was 8.25 mass%.

The incombustible impurities in purified DNDs, espe-

cially iron, chromium, manganese, lead and mercury, have

an adverse effect on the properties of diamond-containing

composites. In some cases, the purity of nanodiamonds

becomes the crucial factor for their possible applications

(e.g., as slow neutron reflectors, parts of semiconductor

devices, luminophore dopants). As a rule, after the chemical

purification of nanodiamonds, the content of incombustible

impurities decreases 5 ± 8-fold; therefore, it is very impor-

tant to examine the possibility to reduce their amount

during the synthesis by doping the water shell of the TH

charge with various compounds (preferably, the yield of

nanodiamonds should simultaneously increase).18

The effect of these dopants on the amount and compo-

sition of incombustible impurities and the yield of nano-

diamonds has been studied.39 The compounds added to the

water shell included boric acid, Trilon B, aminotetrazole,

hydrazine, ammonia, urotropin and urea. The addition of

these compounds generates a reducing atmosphere during

and after detonation. This atmosphere has a beneficial

effect on the yield of the blend and nanodiamonds, since it

prevents the oxidation of condensed carbon via attack by

carbon dioxide and water at the high temperatures of post-

detonation processes. Compounds that were used as aque-

ous solutions in the shell were chosen for the following

reasons:

Ð the harsh gases no longer attack condensed carbon,

but easily react with reducing agents; the yield of condensed

carbon thus increases;

Ð during chemical purification of DNDs, boric acid can

react with metal oxides and thus convert them to com-

pounds readily soluble in acids;

Ð Trilon B is known to be a good complexing agent

towards many metals and metal salts;

Ð the use of aminotetrazole is driven by the possibility

to increase the concentration of nitrogen in the nanodia-

mond crystallites.

The highest yields of nanodiamonds (6.9 mass%) and

the diamond blend (13.4 mass%) were attained when the

charge was armoured with an aqueous solution of urotro-

pin. The use of an aqueous solution of hydrazine and urea

to armour the charge results in a virtually identical yield of

nanodiamonds (*6.29 mass% and *6.9 mass%, respec-

tively). The use of Trilon B and aminotetrazole proved to be

least efficient. The presence of urotropin minimized the

amount of impurities in the blend; it was 1.96 mass%,

while the highest amount of impurities (7 mass%±

9 mass%) was observed in the case of Trilon B. The

introduction of dopants into the water shell cannot influ-

ence the synthesis of nanodiamonds, but in this case, the

nanodiamonds that have already formed can be preserved,

i.e., their yield increases and the amount of incombustible

impurities decreases, as has been demonstrated by

Dolmatov.39 Unexpectedly, it was shown that urotropin

behaves as a chelator at high temperatures, while Trilon B,

on the contrary, does not exhibit this type of behaviour,

possibly due to a very short time of reaction with metal

oxides at high temperatures. When aqueous solutions of the

above compounds were used as shells for explosive charges,

the impurity content in nanodiamonds decreased, on aver-

age, 3-fold compared to the use of distilled water.

In addition to the optimized conditions of the DND

synthesis reported in the publication cited above,34 these

results demonstrate that for increasing the DND yield, the

following is necessary:

Ð addition of a reducing agent (urotropin, Trilon B,

hydrazine, urea) to the charge shell consisting of water or an

aqueous solution;39 it is better to use a cylindrical charge

(technologically the simplest shape) with an aspect ratio

52;6, 7

Ð the heat capacity of the non-oxidative gas medium in

the explosion chamber should be as high as possible; the use

of CO2 would be best of all, but in reality, gaseous products

of previous detonations of explosive charges are used.6, 7

An optimal combination of the above conditions would

result in an economically plausible DND yield of

>5 mass%.

2.3. Diamond detonation blend
A DB nanoparticle has a complex and unusual structure

consisting of three major parts: a classic diamond core

(cubic system, sp3-hybridized carbon atoms), transient

structures composed of both sp3- and sp2-hybridized carbon

atoms and a distorted graphene shell of sp2-hybridized

carbon atoms. Most of non-diamond carbon allotropes

occur on the surface of the diamond-like core and form a

common hybrid structure with the core, fragments of which

are connected not only by physical interactions, but also by
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Figure 2. Dependence of the DND yield on the pressure at the
Chapman ± Jouguet plane.35

Item Explosive Yield Item Explosive Yield
(mass%) (mass%)

1 TNT 1 6 TH (40 : 60) 5.8
2 TH (30 : 70) 4.4 7 TH (36 : 64) 5.4
3 TH (50 : 50) 7.2 8 TH (70 : 30) 4.7
4 TH (60 : 40) 6 9 RDX 1.1
5 Tetryl 6.5

The authors are grateful to Springer and Journal of Superhard
Materials for the permission to reproduce this Figure.

V.Yu.Dolmatov, A.N.Ozerin, I.I.Kulakova, O.O.Bochechka, N.M.Lapchuk, V.MyllymaÈ ki, A.Vehanen

1434 Russ. Chem. Rev., 2020, 89 (12) 1428 ± 1462



chemical bonds. The isolation of pure diamond-like struc-

tures with reproducible characteristics is impossible without

chemical treatment with energy release sufficient to rupture

strong carbon ± carbon bonds. Despite the fact that X-ray

diffraction methods show DND particles in DB as separate

objects, they do not form a clearly defined separate phase

component.

2.3.1. Particle morphology of the diamond blend

A study of Voznyakovskii et al.40 is devoted to the mor-

phology of DB particles. The small-angle X-ray scattering

method was used. The authors proposed the following

model for the structure of DB particles: a highly oblate

ellipsoid of revolution with a 40 ± 50 nm diameter and

2 ± 3 nm thickness. According to X-ray diffraction data,

the size of subparticles of DND aggregates is 2 ± 7 nm.

Considering the ratio of the mass fractions of amorphous

and crystalline phases, the major part of amorphous carbon

is presumably concentrated along the equator of the particle

(Fig. 3). The presented model is phenomenological and does

not contradict the theoretical models of DND particle

morphology known from the literature. The proposed

model also adequately explains the reinforcement effect

upon the use of DB in polymer materials science. This effect

is related to the adsorption activity of DB particles caused

by DND particles incorporated in them.

2.3.2. Isolation of detonation nanodiamonds from the diamond

detonation blend

Chemical purification is the most expensive and intricate

stage in the DND production. The purification methods

used determine the consumer properties of nanodiamonds,

while the difficulty of implementing these methods dictates

the final product cost and applicability. The DND produc-

tion process includes two key stages: detonation synthesis

and chemical purification (often consisting of several steps).

The prime cost of chemical purification is*2/3 of the prime

cost of the nanodiamond synthesis. During the chemical

purification, the textural characteristics of DB do not

change monotonically, but change stepwise, which distin-

guishes the diamond blend from other carbon materials.41

Most of the proposed purification procedures are suit-

able only as laboratory methods. Some designs can be

rationally implemented only in a large-scale plant, which

may have a lot of specialized equipment blocks.5

The liquid-phase purification methods combining oxi-

dation and acid dissolution of metals are preferable. Many

designs for these methods have been proposed; several

groups of such processes are considered below.

The use of only nitric acid for oxidation of aqueous

solutions necessitates conducting the process at elevated

pressure to ensure that it occurs in the liquid phase. A one-

stage thermooxidative treatment with nitric acid at elevated

pressure has been proposed.42 According to a patent,43 the

diamond blend is subjected to a two-stage treatment with

aqueous nitric acid, first, with 50%± 99% HNO3 at

80 ± 180 8C and then with 10%± 40% HNO3 at

220 ± 280 8C. The main drawback of these processes is the

use of relatively concentrated nitric acid, which is taken in a

large excess necessary to achieve high oxidation rates and

the required degree of removal of non-diamond carbon

from the DB.

However, nitric acid is not only consumed for the target

oxidation of non-diamond carbon, but a considerable part

of the acid undergoes thermal decomposition to nitrogen

oxides. The presence of a large amount of highly reactive

nitrogen dioxide accounts for the high corrosive activity of

the medium. This reduces the service life of equipment, and

the corrosion products make a considerable contribution to

the ash content of the final product. The liquid DND

suspension formed after the oxidative thermal treatment

has a very high residual concentration of nitric acid

(20%± 30%), which has to be separated and recycled back

to the process. The recycling of a part of waste nitric acid is

technically implementable, but special distillation and frac-

tionation units are required to remove soluble salts and

preconcentrate aqueous solutions of nitric acid for reuse. As

a result, the major material and labour resources are spent

for maintaining the acid circulation, the volume of which is

more than an order of magnitude higher than the volume of

the processed target product.

The authors of a patent 44 used oxidative thermal treat-

ment of DB in the form of suspension containing a solid

phase at a concentration of 4 5% with an aqueous solution

of ammonium nitrate in acidic medium (pH<1). The

required acidity of the medium was generated by adding a

small amount of nitric acid up to its concentration in water

of 5 mass% ± 10 mass % (Table 4). Ammonium nitrate was

taken in an excess with respect to the carbon material

(10 ± 15 parts of ammonium nitrate per part of the carbon

material). The reaction was conducted at 200 ± 260 8C until

gas evolution ceased, which indicated that the oxidation was

over and ammonium nitrate decomposed. Nitric acid con-

tained in the aqueous solution did not considerably affect

the degree of oxidation, because of its low amount, but

ensured the high acidity of the medium. This considerably

decreased the temperature of the onset of decomposition of

ammonium nitrate, and the target oxidation process could

be conducted at the above-indicated temperature of

200 ± 260 8C. This ensured decomposition of ammonium
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Figure 3. Model of the DB particle as an oblate ellipsoid of
revolution.40 (a) top view, (b) side view, (c) 3D model; (1) amor-
phous carbon, (2) incorporated DND particles.
The authors are grateful to Springer and Journal of Superhard
Materials for the permission to reproduce this Figure.
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nitrate by a mechanism in which nitrogen is formed as the

only gaseous product, while the released oxygen is spent for

the oxidation of the carbon component.

Owing to the presence of some nitric acid in the reaction

mixture, metallic impurities remain in the dissolved state

and are converted, upon oxidation, to readily soluble metal

nitrates. Oxidation is performed with excess oxidant

(ammonium nitrate); this allows efficient removal of all

non-diamond carbon components of the DB. The excess of

ammonium nitrate, which remains after the oxidation of

non-diamond carbon, completely decomposes in this system

to non-toxic products (water, nitrogen and oxygen), which

ensures completion of the oxidation of carbon components

and the absence of nitrites and nitrogen oxides in the

dissolved products.

This purification procedure affords a suspension of

high-purity nanodispersed diamonds as a hydrosol in a

dilute (1% ± 5%) aqueous solution of nitric acid. Water-

soluble impurities are washed away with deionized water by

standard procedures. A benefit of this method is the absence

of toxic nitrogen oxides in reaction products, which elimi-

nates the need of using expensive systems for absorption

and regeneration of nitric acid. The oxidation at this

temperature in titanium autoclaves virtually excludes cor-

rosion of the vessel and contamination of the target product

by titanium dioxide. Owing to low content of nitric acid in

the spent reaction mixture, it is possible to do without acid

circulation.

Volkov 45 studied the composition of impurities for

22 samples of purified nanodiamonds from various manu-

facturers by atomic emission spectroscopy. Despite rela-

tively efficient, in some cases, chemical purification, more

than 70 elements were detected in the nanodiamonds. The

limit of detection of alkali metals (Cs and Rb) was 100 ppm,

while the limits of detection of other (>50) elements was

1 ppm. The relative standard deviation for reproducibility

of the results in the 1 ± 10 000 ppm range was 0.05 ± 0.1.

The contents of elements in the DND samples were

highly different (Table 5). Small amounts of Fe, Ti, Al, Cr,

Si, Ca and Cu were found. Among these elements, Fe, Cr,

Cu and Al are most unfavourable. Iron is the most injurious

impurity for the subsequent application of nanodiamonds.

The highest iron content (0.5 mass% ± 0.9 mass%) was

found for DND samples manufactured by the Science and

Production CJSC Sinta (see Table 5). The highest copper

content was inherent in samples of the Federal Science and

Production Centre OJSC Altai (up to 1.5 mass %) and the

Real Dzerzhinsk (0.05 mass% ± 0.10 mass%), while the

lowest copper content was present in samples of the Special

Design and Technology Bureau (SCTB) Technolog

(0.003 mass%± 0.004 mass%). The aluminium contents

were as follows: 0.07 mass% to 0.15 mass % (Nanocarbon

Research Institute Co. Ltd, Japan); 0.1 mass% (Nano-

Group Co.); 0.07 mass% (Federal Science and Production

Centre OJSC Altai); and 0.002 mass% (SCTB Technolog).

Mercury, chromium and lead are the most toxic elements.

In the nanodiamond samples supplied by the OJSC Altai,

the contents of these elements and incombustible impurities

were higher than in samples of other manufacturers. The

highest amount of chromium was found in DNDs manufac-

tured by the CJSC Sinta (0.16 mass%). The samples of the

SCTB Technolog contained almost no lead (at the sensitiv-

ity level of the instrument).

3. Properties of detonation nanodiamonds

3.1. Structure and composition of primary particles
As a rule, the average size of diamond nanoparticles that

have time to form during the detonation process is 4 ± 6 nm.

Fast change in the P,T conditions of DND formation and

Table 4. Features of chemical purification methods of diamond blend.

No. Method Features Ref.

1 Treatment of DB with 2%±40% HNO3 with compressed Large amounts of nitrogen oxides, large excess 42

air oxygen (200 ± 280 8C, 5 ± 15 MPa) of HNO3 , enhanced corrosion of the equipment

2 Two-stage treatment of DB with aqueous HNO3: first, Large amounts of nitrogen oxides, large excess of HNO3 , 43

50%±99% HNO3 at 80 ± 180 8C, then 10%±40% HNO3 enhanced corrosion of the equipment

at 220 ± 280 8C

3 One-stage treatment of DB with 5%±10% HNO3 Only neutral nitrogen is released; virtually no corrosion 44

with NH4NO3 at 200 ± 260 8C of the equipment

Table 5. Content of mercury, iron and incombustible impurities in DND samples produced by various manufacturers.45

No. Manufacturer Contents

mercury iron (mass%) incombustible impurities
(10786mass%) (except for oxygen in

oxides) (mass%)

1 Real Dzerzhinsk, Russian Federation 0.021 ± 0.075 0.5 ± 0.6 0.1 ± 1.31

2 CJSC Sinta, Belarus' 0.023 ± 0.46 0.5 ± 0.9 0.33 ± 1.97

3 NanoGroup Co., Czechia 0.025 0.4 1.92

4 ALIT, Ukraine 0.028 7 1.63

5 PlasmaChem GmbH, Germany 0.028 ± 1.6 0.3 0.32 ± 1.93

6 Nanocarbon Research Institute Co. Ltd, Japan 0.035 7 0.62 ± 1.21

7 SCTB Technolog, Russian Federation 0.082 ± 0.195 0.12 ± 0.18 0.43 ± 0.55

8 OJSC Altai, Russian Federation 37 ± 717 0.3 ± 0.65 0.94 ± 2.69
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short times (0.1 ± 0.3 ms) of plasma existence in the CRZ and

post-detonation processes give rise to unique properties of

the resulting particles. The structure of DNDs has a

considerable number of defects both on the surface and

inside the crystallites. The heteroatoms (oxygen, hydrogen,

nitrogen), which are present in the explosive, occur not only

in the surface functional groups, but also inside the crystal-

lites. Nitrogen exists in the crystallite also as an NV centre;

most of nitrogen and hydrogen are dissolved in the diamond

as it is formed. This is evidenced by the fact that analysis of

the gas phase obtained upon mechanical crushing of DNDs

in vacuo revealed considerable amounts of nitrogen and

hydrogen molecules.{ After chemical purification, DND is a

grey-coloured aggregated powder in which aggregates of

nanocrystallites are highly different in size and

strength.1, 3, 7, 46 The powder contains quite a lot of oxygen,

hydrogen and nitrogen atoms, which are mainly chemically

bound to the particle surface or physically retained on the

surface.47

The quantity of heteroatoms in the nanodiamond crys-

tallites depends on many parameters of the synthesis, first

of all, on the composition of explosive. The content of

surface impurities is also affected by the chemical purifica-

tion procedure. Nanodiamond contains carbon atoms

(90%± 97%) mainly, in the diamond form, surface oxygen

atoms (3 mass%± 4.5 mass%) incorporated in functional

groups, hydrogen atoms (0.6 mass%± 2.2 mass%) both in

functional groups and in the dissolved state, nitrogen atoms

(1.8 mass%± 2.8 mass%) mainly dissolved in the crystal-

lites and incombustible impurities (0.04 mass% ±

6.0 mass%). The incombustible impurities are mainly com-

posed of iron, calcium, titanium, copper, chromium and

silicon oxides. The titanium, silicon and lead impurities are

most difficult to remove.46 ± 50

The primary nanodiamond particles have a complex

structure.47, 49 ± 51 According to Kulakova,47 they can be

likened to bulky molecules in which carbon occurs as a

rigid diamond core surrounded by a shell of sp2- and sp3-

hybridized carbon atoms. This shell is coated mainly by

oxygenated functional groups. The structure of the DND

crystallites depends on many conditions of synthesis and

chemical purification and can markedly vary among nano-

diamonds manufactured by different companies.5, 47, 49 ± 52

According to transmission electron microscopy data, the

primary DND particles have a spherical shape with a size of

4 ± 6 nm and a narrow size distribution. This conclusion was

confirmed by Kulakova et al.,51 who used small-angle X-ray

scattering. Electron diffraction study for the DNDs manu-

factured by the SHTB Technolog after various types of

chemical treatment showed a typical diamond diffraction.

For a primary diamond particle of *5 nm size, the inner

diameter of the diamond phase was found to be *3 nm and

the thickness of the disrupted carbon shell was *1 nm.

Transition from the diamond core to the carbon shell was

gradual, as no sharp change in the crystal potential was

noted. The structure and the size of the diamond core were

virtually unaffected by treatment of DNDs with chemicals

such as chlorine, hydrogen, fluorine or alkyl halides. No

non-diamond carbon was found in this study in either initial

or modified DND particles.

The oxygen and hydrogen atoms are incorporated in

functional groups on the DND surface. The DND crystal-

lites contain much nitrogen, the content of which decreases

only slightly after high-temperature treatment.1 Some of

nitrogen atoms occur in DNDs as nitrogen-containing sur-

face functional groups, since DNDs have been purified with

nitric acid. Indeed, Korol'kov 53 found nitrate groups in the

initial DNDs and showed that after reductive treatment,

there were no such groups on the DND surface. However,

the total nitrogen content of DNDs remained rather high

after both air and hydrogen treatment. Hence, nitrogen is

also present within the DND particle. Meanwhile, the

question arises whether it is located in the disrupted carbon

shell or in the diamond core. It was shown 51 that oxidation

of DND particles (almost up to complete oxidation of the

sample) is accompanied by the parallel release of carbon

dioxide and nitrogen. This unambiguously indicates that

nitrogen that is not incorporated in functional groups is

uniformly distributed throughout the DND bulk.

The micrographs of DND samples obtained using either

a 50 : 50 TH mixture or anhydrous BTF are presented in

Fig. 4.54 Whereas the crystallites obtained from the former

hydrogen-containing explosives had an average size of

*5 nm, in the case of BTF, the size of the sintered spherical

crystalline DND particles was *100 nm.

The spherical particle is formed as a result of simulta-

neous action of very high temperature (*4700 K) and

pressure (36 GPa) behind the detonation wave and the

Chapman ± Jouguet plane.

A calculation of the distribution of carbon atoms in

DNDs 55 showed that factors restricting the growth

(48 nm) of the diamond core include disruption of the

long-range order and accumulation of structural defects in

the crystal lattice during the carbon nanoparticle growth

during post-detonation processes. Comparison of carbon

atom distributions in the detonation nanodiamond and in

the defect-free diamond showed a change in the coordina-

tion number in the outer coordination sphere of the nano-

diamond. In the coordination spheres, some atoms are

missing (lattice defects), which changes the structure and

morphology of the DND surface. Defective structures are

more reactive and are more readily oxidized during the

chemical purification.

{Private communication of A.L.Vereshchagin, Doctor of Chemical

Sciences, Head of the Department of General Chemistry and Expert

Evaluation of Commodities, Biysk Technological Institute.
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Figure 4. Micrographs of DNDs obtained from 50 : 50 TH (a, b)
and BTF (c, d ).54
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The surface of DND particles bears various functional

groups (mainly, oxygenated groups, such as carboxyl, ester,

ether, lactone, etc.), the nature and the ratio of which are

determined by details of DND production, isolation and

purification.3, 7, 49, 56, 57 This circumstance often complicates

their practical use. Therefore, methods for the physico-

chemical treatment of the nanodiamond particle become

significant. This treatment makes it possible to modify the

nanoparticle surface and may give rise to either a mono-

functional surface coating or a surface layer of inorganic or

organic compounds, i.e., it opens a way for a targeted

change in the physicochemical properties of nanodiamonds,

which in turns allows the use of modified particles as new

promising products. This material combines the properties

of the diamond core and grafted compounds on the crystal-

lite surface.

3.2. Stability of suspensions of detonation nanodiamonds
Strong aggregation of nanoparticles complicates the pro-

duction of composites. The smaller the aggregates (in the

limiting cases, these are 4 ± 10 nm particles), the more

difficult it is to destroy them; but in this case, they are

more uniformly distributed throughout the matrix and

interact more efficiently with the matrix. The detonation

nanodiamonds isolated from DB or subjected to modifica-

tion after purification are most suitable as aqueous suspen-

sions for processes that use aqueous media (e.g., galvanic

processes; preparation of some polymer 7 diamond com-

posites). In these suspensions, Dents are most disaggre-

gated. It was shown 58, 59 that the faces of nanodiamond

particles possess on electrostatic potential of different signs.

This is the reason for their active aggregation and this

promotes effective immobilization of various molecules on

the surface. The electrostatic potential of nanocrystals can

vary depending on the method of surface treatment, the

shape and the ratio of (111) and (100) surfaces. According

to Barnard,58 for a truncated octahedral diamond nano-

crystallite, a high positive potential is inherent in the

(100)/(111) edge and the (100) face. A high negative poten-

tial is found for the graphitized (111) face. Therefore, such

nanocrystallites form strong aggregates.

The results of stability studies of DND suspensions 60

confirmed that at room temperature in water, a z-potential
of 30 mV is sufficient to ensure coagulation stability, and

the sign of the surface charge is insignificant. The physical

causes for the appearance of excess charge on the surface of

colloidal particles and the accompanying formation of an

electric double layer can be different, e.g., selective adsorp-

tion of ions from solution or reactions of surface chemical

groups with water.

The dependence of the z-potential on the pH of a

suspension of DNDs produced by dry synthesis, isolated

from the detonation carbon by chromic acid mixture oxi-

dation, is depicted in Fig. 5. Curve 1 shows the change in

the z-potential sign. For this sample of nanodiamond

suspension, the stability regions are located at pH<5 and

pH>10. A similar dependence is typical of suspensions of

all DNDs isolated from the detonation products by the

liquid-phase method. The complex shape of the dependence

is attributable to the presence of several types of functional

groups.

The attempts to significantly reduce the size of DND

aggregates in aqueous suspensions by high-power ultrasonic

treatment or by adding surfactants did not meet with

success. The purpose of disaggregation of strong DND

structures was to prepare native diamond nanoparticles of

4 ± 6 nm size. The primary particle aggregates were found,

and it was agreed that the size of such aggregates would not

exceed 100 nm. Secondary aggregates with a size from 100

to 2000 nm decrease upon ultrasonic treatment. Pentecost

et al.61 described a peculiar DND disaggregation technique

by grinding in the medium of salt or sugar, which did not

introduce any impurities that would require the subsequent

chemical purification. In this case, repeated aggregation did

not take place even after the suspension was dried and then

dispersed in water. The characteristic particle size of the

suspension was in the 5720 nm range.

Oxygen treatment of purified DNDs at temperatures of

*450 8C followed by centrifugation results in complete

DND disaggregation and gives a suspension of primary

DND particles with a size distribution maximum at 4 nm.62

The annealing in hydrogen at 500 8C also facilitates the

isolation of a suspension of 4 nm nanoparticles from

dispersed DND solutions upon subsequent centrifugation

of the product.

The DND functionalization endows the nanodiamonds

with hydrophilicity or hydrophobicity. The suitable func-

tional groups include oxygen-containing halide, hydride

and methyl groups.63, 64

It was shown 65 that the stability of aqueous suspensions

is affected by cationic surfactants, the suspension stability

being determined by the adsorption capacity of the surfac-

tant (z-potential) and the hydrophilicity of the nanodia-

mond surface. The coagulation stability of DNDs in water

is provided by a z-potential of 30 mV. The adsorption

activity of surfactants considerably depends on the length

of the hydrocarbon chain in their molecules; the longer the

chain the higher the hydrophobicity and the lower the

adsorption capacity of the surfactant. The initial DNDs

were exposed to air oxygen in a furnace for 120 min at a

temperature of 420 8C.

3.3. Optical properties of detonation nanodiamonds
3.3.1. IR spectra

Infrared spectroscopy is an important method for determi-

nation of the physicochemical properties of solids.63, 66 ± 68

Small-sized diamond particles have a large specific surface

area, and various surface groups have their own character-
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istic absorption bands in the IR range. The intensity of the

intrinsic absorption of the diamond phase in the

400 ± 4000 cm71 range is low; therefore, the IR spectro-

scopy is quite applicable for identifying functional groups

on the DND surface.

Dolmatov et al.66 and Buchatskaya et al.67 studied dia-

monds of different origin (natural DNDs and DNDs

produced by static and dynamic synthesis) subjected to

various types of chemical purification. The purpose of

these studies was to identify the differences between the IR

spectra of these different sorts of diamonds and the influ-

ence of the chemical purification procedure on the type of

functional groups.

The IR spectra of the diamonds exhibit absorption

bands of the hydroxyl groups of both adsorbed water

molecules (3244 ± 3418 cm71) and particles attached to the

surface (1635 ± 1609 and 3935 ± 3850 cm71). The absorption

bands at 2800 ± 2930 cm71 are due to C7H vibrations. It

was found that, irrespective of the diamond origin, purifi-

cation with sulfuric acid results in the appearance of the

S7S and C7S modes in the IR spectra, while after nitric

acid treatment, the IR spectra exhibit C7N modes.

Absorption bands for impurity nitrogen centres in the

1558 ± 1566 cm71 range were found for natural diamonds

(1558 cm71) and diamond micro-powders obtained by

dynamic synthesis (1566 cm71). Thus, IR spectra provide

information on not only the presence of various functional

groups on the diamond surface, but also the appearance of

S- and N-containing groups depending on the purification

method. Kulakova 47 demonstrated that the functional

composition of the DND surface changes on exposure to

gases.

The IR spectrum of pristine nanodiamonds shows a

distinct band with a maximum at 3405 cm71, which can be

assigned to hydrogen vibrations of adsorbed water and

surface OH groups. In the 3000 ± 2800 cm71 range, weak

C7H stretching bands are detected. The surface C=O

group gives rise to an absorption band at 1737 cm71. The

OH bending vibrations are responsible for the band at

1617 cm71. The 1345 ± 1122 cm71 absorption band can be

attributed to the diamond lattice vibrations. On treatment

of DNDs with air oxygen at 4008C, the absorption band at

1737 cm71, caused by carbonyl vibrations, shifts to

1791 cm71, which is most likely indicative of further oxida-

tion of the DND surface and formation of a C7O7C bond

located near C=O groups.

Treatment of DNDs with hydrogen leads to complete

disappearance of C=O groups and, hence, the IR absorp-

tion band of these groups also disappears; however, new

absorption bands appear at 2941 and 2877 cm71, indicating

the formation of C7H bonds on the diamond (sp3-hybri-

dized) carbon. The absorption band at 2941 cm71 can be

assigned to the hydrogen atom attached to carbon located

on the octahedral face, while the 2877 cm71 band is

attributable to the bond between hydrogen and carbon

atoms located on the cubic face of the nanodiamond.53

3.3.2. Raman spectra and photoluminescence

The popularity of Raman spectroscopy is due to the fact

that each carbon allotrope can be easily recognized in the

Raman spectrum. This method is used to determine the

degree of perfection of the crystal structure, phase purity

and crystallite size.69 Owing to a high luminescence quan-

tum yield and absolute photostability of some impurity

centres, nanodiamond has been acknowledged as one of

the most promising materials for the design of single-

photon emitters and photoluminescent biomarkers.

The Raman spectrum of thoroughly purified nanodia-

mond has at least four components.69 The dominant max-

imum in the range of 1000 ± 2000 cm71 is composed of four

major components (peaks). The peak centred at 1326 cm71

corresponds to the diamond phase; the other components

occur at 1250, 1630 ± 1640 and 1730 cm71. As the size of

nanodiamond crystallites decreases, additional peaks may

appear in the Raman spectra, which are associated with a

considerable increase in the surface area to volume ratio of

the nanodiamond. Simultaneously, the position and shape

of the major diamond maximum change.69 This effect of

crystallite size on the Raman spectrum has been called

phonon localization. For diamonds, phonon localization

becomes noticeable when the crystallite size is <30 nm.68

In the Raman spectra of DNDs, the major band usually

looks like a characteristic narrow line at 1330 cm71

(Ref. 68). All nanodiamond samples give rise to the same

band at the same wavelength of 1325 cm71, which corre-

sponds to carbon atoms of the diamond lattice (sp3-hybrid-

ization); the minor shift accompanied by broadening

towards lower frequency is caused by the nano-scale of

DNDs.

The peak corresponding to sp2-hybridized carbon atoms

in graphene and in graphite-containing materials is usually

located in the frequency range of 1560 ± 1580 cm71. In the

Raman spectra of DNDs, this peak was found at 1632, 1610

and 1604 cm71 for native, oxidized and reduced samples,

respectively. The most pronounced shift to higher frequency

was found for native nanodiamond, the surface of which

contained the greatest number of C=O groups. The

reduced DNDs with no carbonyl groups found on the

surface showed the smallest shift to a higher frequency.

According to published data,69 the products containing

C=O groups exhibit Raman bands in the

1600 ± 1700 cm71 range.

It follows from the above that the surfaces of test

samples bear functional groups containing sp2-hybridized

carbon atoms bound to oxygen. These carbon atoms are

manifested in this range of the Raman spectra, along with

the C=C double bond, which is similar to the bond in

graphite, but is somewhat distorted.

Kulakova 47 confirmed the structure of the DND par-

ticle as having a diamond core corresponding to the cubic

system, surrounded by sp2- and sp3-hybridized carbon

atoms.

For a long period of time, only a broad photolumines-

cence (PL) band has been recorded for DNDs in the wave-

length range of 400 ± 700 nm with the intensity maximum

depending on the excitation wavelength. The origin of PL is

presumably related to structural defects on the surface of

DND crystallites. Presumably, there are no optically active

defects (first of all, involving nitrogen) in the crystallite bulk

(or their concentration is very low). Switching to studying

luminescence of single DND particles irradiated with elec-

trons opened up the possibility to considerably suppress the

luminescence background caused by surface defects, while

the use of continuous-wave laser excitation 70 allowed for

detecting the bright photoluminescence of the NV centres in

separate crystallites or in moderate-size aggregates of nano-

diamonds.

Studies of the photoemission properties of DNDs in

combination with Raman spectroscopy were used to esti-

mate the size of diamond nanocrystallites that exhibited
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intense photoluminescence associated with NV centres. The

Raman spectra measured for the points of bright lumines-

cence showed the absence of a shift of the diamond line

relative to the wavelength of 1332.5 cm71; according to the

phonon localization model, this implies that the intense

local luminescence of NV centres is related to >20 nm

crystallites. Using highly sensitive photoluminescence detec-

tion systems, it was possible to detect single NV centres in

separate non-irradiated DND crystallites with 5 nm size. It

was found that PL of a crystallite of this size blinks at a

definite frequency.71 In the sintered DND clusters, the

concentration of NV centres is 1020 ± 1021 cm73. The lumi-

nescence of these samples retained high intensity for 2 h.

Zhornik et al.62 succeeded in obtaining DNDs with an

abnormally high concentration of the NV centres. For this

purpose, they sintered the pristine DND crystallites

(4 ± 5 nm) at 15008C and 6 GPa for 20 s. Structural studies

of the obtained sample showed that sintering was accom-

panied by self-assembly of diamond nanocrystallites into

oriented aggregates with a size of *1 ± 10 mm.

According to estimates carried out by electron para-

magnetic resonance (EPR) spectroscopy, the concentration

of NV centres in sintered DND clusters was

1020 ± 1021 cm73 (Ref. 62). The liquid-phase oxidation of

DNDs with a H2SO47HNO3 acid mixture (4 : 1) was

accompanied by the appearance of luminescence properties

of DND7COOH, which was reflected as a very high

intensity and unusual shape of the Raman spectra. The

luminescence of DND7COOH was manifested over a

relatively broad wavelength range (450 ± 650 nm), had a

maximum at 510 nm and persisted over a relatively long

period of time. Therefore, studies of one sample can be

carried out for long.

It was also shown that chemical modification of DNDs

with nitrogen-containing compounds (diamines and glycine)

gives rise to luminescence in a narrower range (450 ±

550 nm) with a maximum at 510 nm; in this case, too,

photobleaching does not take place. In the authors' opin-

ion, this is an advantage of chemically modified DNDs over

less stable luminescent probes, which are normally used in

biological investigations. This fact, together with non-tox-

icity, makes modified nanodiamonds applicable for the

imaging of intracellular processes.

3.4. Characteristic features of paramagnetism of doped
detonation nanodiamonds
EPR spectroscopy is a potent non-destructive method for

studying nanostructured materials, which is suitable for

investigation of the spatial arrangement of point defects in

the crystal structure and the electronic and magnetic prop-

erties of nanoparticles in composite,72, 73 crystalline 74, 75

and polycrystalline 76 ± 78 materials. The paramagnetic prop-

erties of nanodiamonds are caused, first of all, by the

unpaired electron located on the cleaved chemical bond

and by impurity defects, e.g., P1 and NV centres. This

makes EPR spectroscopy a unique tool for characterizing

a nanodiamond particle as a separate object.79 The nano-

diamond structure is such that most of unpaired electrons

are located under the shell, including the incomplete surface

of the proper diamond nanocrystallite. During purification

of raw nanodiamonds, it is impossible to completely remove

the stubborn metallic and magnetic impurities, which can be

efficiently detected by EPR spectroscopy.80 This method

makes it possible to detect a minimum number of para-

magnetic centres if more than 1011 spins per gram are

present in a substance. For a typical sample, the minimum

detectable concentration of paramagnetic centres is

1079 mol L71 (Ref. 81).

Detonation nanodiamonds have a high concentration of

paramagnetic centres (*261019 spins per gram), and this

opens up the opportunity for using scientific results in

spintronics.{ Furthermore, considering the prospects for

the use of nanodiamonds as sources of single photons,

optical biomarkers and ultrasensitive magnetometers,82 ± 85

it is relevant to study the influence of acceptor and donor

impurity atoms in the diamond core on the DND proper-

ties.86

A characteristic feature of nanodiamonds found in

meteorites is an abnormally high content of impurity nitro-

gen, which can reach 20 000 ppm (2.0 mass%).87 ± 89 A

silicon structural impurity was identified in the crystal

lattice of nanodiamond grains isolated from meteorites of

various chemical classes. Therefore, a relevant task is to

establish the influence of the targeted doping of nano-

diamond crystals (in particular, with boron and phospho-

rus) on their paramagnetic and optical properties.

3.4.1. Characteristic features of paramagnetism of DNDs doped

with boron and phosphorus atoms during the synthesis

A number of nanodiamond samples, both undoped

(DND20) and doped with phosphorus (DND32) and

boron (DND36) during the synthesis, manufactured by the

SCTB Technolog were studied by EPR spectroscopy.

The EPR spectra were measured by sweeping a 300 mT

magnetic field; therefore, it is possible to compare the

spectra using the given reference line. Unlike the pristine

DND sample, the doped DND samples showed a hyperfine

structure in the EPR spectra (Fig. 6). In the magnetic field

region of *190 mT, the signal of the reference sample

(ruby) is present.39, 90

The EPR spectra recorded directly in the resonance

enhancement region (magnetic field sweep of 10 mT)

showed 90 that introduction of dopant atoms into nano-

diamonds affects the EPR spectral parameters, in partic-

ular, the line width (DB) changed compared with the line

width of the pristine sample. Indeed, in the case of DND20,

the EPR line width was 0.89 mT, while for the phosphorus-

doped DND32 and boron-doped DND36 samples, the line

widths decreased to 0.73 and 0.75 mT, respectively.

After doping, the concentration of detected paramag-

netic centres in the samples decreased: by 10% in DND32

(phosphorus) and by 5% in DND36 (boron). The changes

in the dispersion of magnetic susceptibility in the resonance

enhancement region were also different for the prostine and

doped DND samples.

Thus, the EPR study showed the possibility of doping

diamond nanocrystallites with boron and phosphorus dur-

ing the synthesis.90 The change in the parameters of the

EPR spectra of DND powders modified by these dopant

atoms indicates, first, the possibility of targeted modifica-

tion of the nanodiamond lattice with a desired dopant and,

second, good prospects of using EPR spectroscopy for

diagnosis of the quality of nanodiamond feedstock and the

degree of diamond purification from undesired impurities at

any stage after the synthesis.91 ± 93

{ In spintronic devices, as opposed to conventional electronic devices, the

energy or information is transported by spin current rather than electrical

current.82, 83
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3.4.2. Dispersion of magnetic susceptibility

EPR spectroscopy studies of DND samples revealed, for the

first time, the unique difference between DND and any

other bulk diamond. Recording the EPR spectra of DND

samples, unlike the spectra of diamonds of different origin,

during resonant absorption, showed 90 a non-monotonic

change in the cavity frequency, which was used to calculate

the magnetic susceptibility dispersion X1 (Fig. 7).

The dispersion of magnetic susceptibility of the sample

is manifested as a change in the cavity frequency. This

parameter proved to be very sensitive to DND modification

by dopant atoms.

A magnetic susceptibility dispersion was observed pre-

viously in neutron-irradiated CVD }-diamonds; this charac-

teristic of the diamond proved to be highly sensitive to

neutron fluence. The dispersion in the diamonds was not

observed at neutron fluences of <561020 cm72. This was

noted by Poklonskaya,94 who was the first to calculate the

magnetic susceptibility dispersion for neutron-irradiated

CVD diamond. A comparison of the data obtained for

DND samples and CVD diamond samples irradiated with

neutrons with the fluence of 561020 cm72 provides the

following conclusions:

Ð appearance of the dispersion in these samples is a

consequence of particularly the uniform nanostructuring of

the diamonds, since paramagnetic centres in them occur in

identical environment of a structured system of atoms;

Ð for CVD diamond samples, neutron fluence of

561020 cm72 is a critical value where the phase transition

from the amorphous to nanostructured state takes place.

The dispersion of magnetic susceptibility is a conse-

quence of quantum size effects in DNDs and can be used,

like other stable parameters of the EPR spectra, for diag-

nosis of the nanodiamond raw material.90, 95, 96
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(ruby); B is the magnetic field induction. The authors are
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3.4.3. Characteristic features of formation of highly conductive

structures in DND powders under conditions of electron

paramagnetic resonance

High concentration of paramagnetic centres

(1019 ± 1020 spin g71) generated by unpaired electron spins

in DND samples can be considered as a structure typical of

spin glasses, characterized by random distribution of

spin7spin interactions and the absence of a long-range

order.

Nguyen et al.1 proved the possibility of switching the

randomly distributed electron spins in the DND powder to

an oriented ordered state; this induces changes in the

parameters of EPR spectra and anisotropy of sample

properties in the magnetic field. The authors studied a

high-purity DND20 powder (0.04 mass% of incombustible

impurities) with a mass of 54 mg by EPR spectroscopy. The

sample was scanned many times in a continuous mode

under resonance conditions and then left under off-reso-

nance conditions in a residual magnetic field of the spec-

trometer (*8 mT). After a cycle of measurements,

anisotropy of the sample properties was investigated. For

this purpose, the sample was rotated in the cavity to make

one revolution after each scanning cycle. The spectra were

measured after sample rotation by every 458. In the fourth

cycle of measurements, a considerable decrease in the cavity

frequency was observed. The cavity Q factor also decreased,

as indicated by the change in the amplitude of the EPR

signal of the ruby reference. In the fourth cycle of measure-

ments after the sample has been rotated in the magnetic

field by 2708, the normally observed symmetrical signal

(Fig. 8, line 1) actually disappeared, particularly, its inten-

sity decreased 400-fold (line 2). The repeated recording of

the EPR spectrum for the same sample orientation showed

the presence of a signal (line 3) related to the paramagnetic

centres located in a conductive medium. The spectrum was a

dome-shaped line with a strongly asymmetric signal at the

top (g-factor of 2.00146 and line width of 0.281 mT) with an

asymmetry parameter of 4.8 (Dysonian line shape) in the

resonant absorption region. The observed sharp change in

the EPR spectral parameters attests to a DND phase

transition from the paramagnetic state to the state with

metallic conductivity.

Analysis of the EPR spectra of DND powders leads to

conclusions about the influence of magnetic and microwave

fields on the formation of highly conductive structures. For

these structures, the penetration depth of the microwave

field is nearly zero; therefore, paramagnetic centres, most of

which are located below the nanodiamond shell, cannot

participate in the resonant absorption of microwave energy.

The nature of these structures has not been studied; they

may represent graphene-like groups inside the DND shell.

The presence of the specific asymmetric EPR signal is

indicative of the fact that the microwave power is absorbed

by surface spins, the symmetry of EPR signals of which is

distorted due to the contact with arising conductive areas.1

The above results show that EPR spectroscopy is suit-

able for diagnosis of doping of diamond nanocrystals, for

studying kinetic phenomena and phase transitions in DNDs

located in a magnetic field, and for diagnosis of nano-

structuring of bulk diamond crystals on exposure to ioni-

zing radiation and during the DND synthesis.

3.4.4. Thermal stability of detonation nanodiamonds

Dolmatov et al.97 studied the thermal stability of doped

DND samples. Exothermic events started to be detected at

30 ± 40 8C. The first group of exothermic events ended in the

temperature range of 135 ± 160 8C, while intense thermal

decomposition (oxidation) of the DND diamond phase in

air started in the range of 475 ± 508 8C. The mass loss of the

samples started most often at 50 ± 60 8C (desorption of

volatile products and water physically bound to the sur-

face). Doping of DNDs with boron or germanium resulted

in a pronounced increase in the temperature of the onset of

dramatic mass loss (by 100 ± 4508) caused by oxidation.

Panova et al.98 investigated the effect of conditions of

the detonation synthesis on the state of the DND surface

layer. They considered the DND powders provided by

SCTB Technolog and LLC SIDAL (Lesnoy, Russian

Federation). The intense thermal decomposition (oxidation)

of the DND diamond phase in air started in the 475 ± 508 8C
range.

The purpose of that study 98 was to investigate the

possibility of doping DNDs during the synthesis and the

effect of introduction of dopants into the explosive charge

or the water shell on the diamond surface groups. Nano-

diamond powders manufactured by the SCTB Technolog

and LLC SIDAL were considered. The authors assumed the

possibility of replacing carbon atoms in the nanodiamond

lattice by phosphorus, boron, aluminium, silicon, germa-

nium and sulfur heteroatoms during the DND synthesis.

They considered two methods for the synthesis of nano-

diamonds:

Ð TH charge was fired in a water shell with solutions of

compounds containing phosphorus and boron atoms;

Ð ammonium hydrogen phosphate, boric acid, germa-

nium oxide or desired heteroatoms as elements (silicon,

boron, sulfur, aluminium) were added to the explosive

charge as it was formed.99

The former process could enable only surface modifica-

tion of nanodiamonds via their contact with boron or

phosphorus compounds at the final stage of formation.

Using the latter process, it was possible to introduce

heteroatoms into the nanodiamond lattice in the chemical

reaction zone at temperatures of 3200 ± 4300 8C upon

decomposition of added compounds or direct atomization
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of the added elements. The state of the surface was eval-

uated by temperature-programmed desorption.98 The ther-

mograms mainly exhibited three peaks for the desorption of

water: the first peak at 80 8C corresponded to desorption of

water physically adsorbed on the nanodiamond surface; the

second peak at 215 ± 265 8C corresponded to desorption of

water from meso- and nanopores of aggregated nanodia-

monds; and the third peak at 540 ± 610 8C was due to

desorption of water chemically formed upon decomposition

of the remaining oxygenated groups and upon their reac-

tions with the nanodiamond carbon.

Carbon monoxide desorption takes place in the temper-

ature range of 610 ± 770 8C with only one maximum; the

peaks for atomic oxygen and water are located in the same

temperature range. For most modified nanodiamonds, CO2

desorption gives rise to two clear-cut peaks in the

220 ± 270 8C and 520 ± 660 8C ranges. As a rule, the moder-

ate peak at 220 ± 270 8C is caused by physical desorption of

carbon dioxide already present on the surface, while the

peak at 520 ± 660 8C corresponds to chemically formed

carbon dioxide (from redox reactions involving the nano-

diamond carbon).

In the case of phosphorus-doped DND sample, contin-

uous phosphine (PH3) desorption took place with a max-

imum at 550 8C, indicating the presence of phosphorus

atoms in the DND lattice.

In the case of the DND sample produced by adding

aluminium powder to the charge, there is one desorption

peak of atomic oxygen in the 240 ± 260 8C range; two water

desorption peaks (one in the 290 ± 3108C range and one in

the 610 ± 630 8C range); one CO desorption peak in the

310 ± 330 8C range; and three CO2 desorption peaks, two of

which are already known (about 260 and 520 8C) and the

third one is at 900 8C. This attests to the catalytic action of

aluminium on the redox reactions of thermal decomposition

of nanodiamonds.

3.5. Methods for chemical modification of the surface
of detonation nanodiamonds
In recent years, the interest in the DND applications has

been drifting towards biology and medicine.46, 100 ± 103 A

promising and rapidly developing medical application is

the use of DNDs as carriers for drug delivery systems.102

Nanodiamonds, isolated from the diamond detonation

blend and purified by an industrial process involving some

oxidative treatment, have a polyfunctional surface compo-

sition, which is moreover different for different commercial

brands, and this is often responsible for the lack of repro-

ducibility of DND properties. This brings about the neces-

sity for chemical modification of the surface, which can be

performed by various procedures. Chemical modification is

also necessary for imparting particular properties to DND

surface. Owing to high concentration and diversity of func-

tional groups on the nanodiamond particle, a broad range

of chemical reactions can be used to modify the particle

surface. The carbon atoms of the disrupted shell and the

core of the diamond particles do not participate in the

chemical reactions of surface groups.

Hydrogenation is the most popular method for modify-

ing the surface of nanodiamonds. The key functionalization

reactions of the hydrogenated DND surface are oxidation,

halogenation and amination. Usually, hydrogenation is

performed by high-temperature molecular hydrogen anneal-

ing or hydrogen plasma treatment.

In a number of studies,103 ± 106 tritium was introduced on

the DND surface using a thermal activation method.

Yakovlev et al.105 noted that the amount of introduced

tritium is 3 times greater (up to 90 GBq g71) in the case of

pre-hydrogenated nanodiamond than in the case of the

pristine sample. The labelling efficiency also increases (up

to 2.6 TBq g71) when the surface accessible for tritium is

increased by preliminary disaggregation of nanodiamond

grains. The chemical properties of the synthesized DND±

[3H] are the same as the properties of hydrogenated nano-

diamonds, but the presence of radioactive tritium on the

surface allows for the use of the material in biomedical

research, such as studying cellular interactions, biodistribu-

tions, etc.

Treatment of DNDs with various oxidants is the sim-

plest and most commonly used method for surface func-

tionalization and hydrophilization. The gas-phase oxidation

of nanodiamonds is often carried out using pure oxygen,

air, argon with some oxygen, or ozone.107

Liquid-phase oxidation is performed using acids, acid

mixtures, in some cases, with the addition of transition

metal salts. Depending on the oxidation conditions (nature

of the oxidant, temperature), the set of oxygen-containing

functional groups can vary, which was confirmed by IR

spectroscopy.108

The DND surface formed after hydrogenation contains

inactive C7H functional groups. For conducting chemical

reactions on such a surface, it should be activated. An

effective way to increase the reactivity of the DND surface

is halogenation carried out by some method. In addition,

halogenation, especially fluorination, is used to obtain

hydrophobic materials. Fluorine, chlorine or bromine

atoms can be attached to the DND surface.

Denisov 109 chlorinated the DND surface by treating it

with CCl4 vapour (mild chlorination) or with chlorine gas at

elevated temperature (severe chlorination). According to

experimental results, gas-phase chlorination was more effi-

cient. The experimental data were in good agreement with

the thermodynamic estimate of the optimal temperature

range for chlorination (4007650 8C).
In view of the interest in the biomedical applications of

DNDs, which has lately increased, note that the methods

chosen for chemical modification should contaminate the

nanodiamond as little as possible.110 Unfortunately, the

DND7F product obtained after fluorination was found to

contain residual molecular fluorine,111 which is inadmissible

for delivery systems of drugs and biologically active com-

pounds.

Kulakova et al.112 compared the results of chlorination

of DNDs of the same brand by different processes: treat-

ment with molecular chlorine in the liquid and gas phases,

with CCl4 plasma and thionyl and sulfuryl chlorides. It was

shown that the use of thionyl and sulfuryl chlorides results

in DND7Cl samples containing a significant amount of

sulfur (up to 4 mass%), which is also inadmissible for drug

carriers. If chlorination is carried out with a chlorine

solution in CCl4, small amounts of covalently bound

chlorine are found on the surface, along with chloride

anions. The gas-phase chlorination with molecular chlorine

at elevated temperature is the method of choice for DND

functionalization for biomedical purposes. In addition, gas-

phase chlorination reduces the impurity metal content in

DND samples.

Amination is also used for the chemical modification of

DNDs, since surface-grafted primary amino groups are
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convenient anchors for binding various organic compounds,

including biomolecules (proteins, enzymes or peptides).113

Note that DNDs bearing grafted molecules with terminal

amino groups are sometimes called in the literature ami-

nated DNDs. The amination of DNDs is usually carried out

with ammonia at elevated temperature (425 8C) using pre-

chlorinated DND surface.108, 109 Unfortunately, attaining

complete replacement of surface chlorinated groups by

amino groups is a challenging task.

The purpose of DND surface modification by covalent

grafting is to obtain surface-grafted compounds. Chemical

modification is accompanied by targeted change in the

physicochemical properties of DNDs, which gives rise to

new materials combining the properties of a carbon matrix

and a grafted chemical compound.114 Extensive studies of

the chemical modification of DNDs by covalent grafting are

in progress.97

A chemical modification method was used 56 to unify the

properties of DND samples produced by various manufac-

turers. For this purpose, the authors employed hydrogen

treatment at 850 8C. After high-temperature hydrogena-

tion, all samples had similar surface physicochemical char-

acteristics such as chemical composition of the surface,

particle size, z-potential and gave stable aqueous suspen-

sions.

These results are in line with the data reported by

Denisov.109 The author noted that chemical modification

affects the oxidation stability of DNDs. The UDA-SP

nanodiamonds manufactured by the JSC Sinta were treated

with hydrogen, chlorinated by two methods and then

treated with ammonia. The stability of samples in air was

studied by thermogravimetric analysis. The authors con-

cluded that hydrogenation, chlorination and amination of

the DND surface is accompanied by increasing thermal

stability.

4. Applications of detonation nanodiamonds

4.1. Fluorinated nanodiamonds as unique neutron reflectors
Neutrons with a wavelength of 0.5 nm and energy of

<3 meV are called slow neutrons. At present, the propor-

tion of retained slow neutrons in the corresponding closed

systems does not exceed 10% of their initial amount.

Furthermore, as the energy of neutrons decreases, the

efficiency of their delivery to the target sites sharply drops.

Development of efficient reflectors for slow neutrons is one

of the methods to increase the neutron flux. Nesvizhevsky

et al.115 proposed a new class of reflectors based on fluori-

nated DNDs (DND±F), which can provide continuous

reflectivity with high albedo and serve as an alternative to

diffusive slow neutron reflectors. Fluorinated DNDs

sharply decrease the neutron absorption, which results in

unpredictable albedo for slow neutrons and thus covers the

so-called reflectivity gap in the neutron spectrum. As a

result, the reflectors can dramatically improve the perform-

ance of neutron sources and the efficiency of neutron

delivery and, hence, increase the fluxes in neutron devices;

this offers prospects for designing a new generation of

neutron sources and new experiments.

Detonation nanodiamonds are an obvious choice for

slow neutron reflectors, as the absorption cross-section (C)

in carbon is very low (3.5 mb at the standard neutron

velocity of 2200 m s71), the coherent scattering length is

very large (6.65 fm), while the volume density (3.5 g cm73)

is higher than that for other carbon materials. The charac-

teristic size of DND particles is precisely in the range of

optimal theoretical values. Hard fluorination removes all

non-diamond components and, hence, it can replace one or

several purification stages. All surface hydrogen atoms and

hydrophilic groups are replaced by fluorine or removed as

gaseous species. The neutron absorption cross-section for

fluorine is low (9.6 mb), the inelastic scattering cross-

section is markedly lower than that for hydrogen, while

the coherent elastic scattering length is large and positive

(5.65 fm), unlike the negative scattering length for hydrogen

(73.74 fm). Thus, all key properties of fluorine are in line

with requirements imposed on materials for efficient nano-

powder neutron reflectors.

In intense neutron fluxes, DNDs may become highly

radioactive because of activation of certain impurities in

their structure.116 Therefore, it is of interest to manufacture

and use highly pure DND powders with minimized contam-

ination. According to X-ray diffraction data, the nano-

particle diamond cores remain unchanged upon

fluorination.

The estimated albedo of neutrons from DND±F is close

to 100% for very cold neutrons (<100 m s71).115 The cut-

off velocity for DND±F (infinitely thick) reaches

300 ± 400 m s71 (the cut-off velocity measured earlier for

3-cm thick untreated DNDs was 160 m s71). Additional

benefits of DND±F are low aggregation ability and low

water absorption, which make the material preparation

easier and more reproducible.

4.2. DND±CNT hybrid material
Presently, active studies in the field of synthesis of hybrid

carbon nanomaterials based on carbon nanotubes (CNTs)

and DNDs are in progress. The driving force is prospect to

obtain new composites with markedly improved character-

istics, which may considerably expand the scope of their

applicability. Hybrid materials with fundamentally new

properties can be used in various branches of industry.

However, most of currently existing hybrid composites

based on nanodiamonds and carbon nanotubes are films

and, hence, they cannot be employed in many promising

areas, for example, as fillers for composite materials.

It was shown 117, 118 that a homogeneous DND±CNT

hybrid material can be prepared as a powder, with CNTs

being grown on the DND surface by the CVD method. The

purified nanodiamond treated with ammonia at a temper-

ature of *230 8C and a pressure of 40 ± 50 atm served as the

diamond raw material for the preparation of DND7TAN }

by the SCTB Technolog. The nanodiamond surface was

coated by a cobalt nanolayer, which catalyzed the vapour

deposition of CNTs. The content of deposited nanotubes in

the ready composition was 32 mass%. The resulting hybrid

composite was an ultrafine black-coloured powder.

Multi-walled nanotubes uniformly coated the aggre-

gated nanodiamonds, the resulting composite was homoge-

neous, and the particle size of the hybrid composite was

*10 mm.118 The specific surface area of the material (calcu-

lated by the Brunauer7Emmett7Teller method) was close

to 225 ± 230 m2 g71. The pore volume in the DND7CNT

sample depended on the pore size, being as follows:

}DND±TAN are detonation nanodiamonds obtained by detonation

synthesis followed by one-stage chemical purification with dilute nitric

acid (with the addition of ammonium nitrate) and treatment with

ammonia at high temperature and pressure. As a result, the surface of

these DNDs contains a large number of amino groups.
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Pore type and size Specific pore volume /cm3 g71

Micropores (<2 nm) 0.01393

Mesopores (2 ± 5 nm) 0.44737

Macropores (>50 nm) 0.20358

Total 0.66488

The highly aggregated nanodiamond powder is rapidly

precipitated in water, whereas the DND±CNT hybrid

forms a stable aqueous suspension. No precipitate was

observed even after this suspension was allowed to settle

for 20 days. Ultrasonic treatment of the suspension did not

affect its state either. This attests to high strength of binding

between nanotubes and the nanodiamond surface. The

hybrid composite dried to the powdered state can also be

introduced into water to form a stable suspension upon a

moderate ultrasonic treatment. With this treatment, the

aggregated hybrid composite particles with a diameter of

several micrometres are split into 50760 nm particles giving

a stable aqueous suspension.

Thus, a method for preparation of a new hybrid carbon

material consisting of carbon nanotubes and nanodiamonds

was developed for the first time.117, 118 The method is based

on the CNT preparation on the cobalt-activated DND

surface. The composite is obtained as an ultradispersed

black powder capable of forming a stable aqueous suspen-

sion.

4.3. Electrochemical metal ± diamond coatings
4.3.1. Chromium ± diamond coatings

Chromium-diamond composite coatings, which have been

successfully implemented in industry, provide a severalfold

increase in the service life of tools and parts of machines and

mechanisms, owing to the enhanced microhardness and

wear resistance of the composite electrochemical coatings

(CEC) containing DNDs.5 Typically, DNDs account for

41 mass% of the coating. Hence, the new properties of

CEC cannot be attributed to the hardness and low friction

coefficient inherent in diamond. It was shown that chro-

mium ± diamond coatings have a chromium specific micro-

structure and texture, whereas no single DND particles can

be detected in the coating.

Apparently, the influence of diamond particles on the

CEC properties starts in the near-electrode layer where

complex discharge processes of chromium ions take place.

The DND surface interacts with the chromic acid anion and

is thus activated. The activated DND particles, which are

co-precipitated with chromium, initiate the dispersion

strengthening effect, which is manifested as decreasing

grain size of electrolytic chromium. In addition, chromium

microcrystallites are highly disordered. Apparently, such

texture of the coating is caused by the structuring effect of

DND particles on the near-electrode electrolyte layer. As a

result, performance characteristics of the coatings are

markedly improved.

Aleksandrova et al.119 used phosphorus-doped DNDs as

aqueous suspensions for a standard electrolyte. The depend-

ences of the coating microhardness on the additive concen-

tration have two maxima (1 and 5 g L71), which can be

attributed to the action of DNDs as surfactant particles in

the electrical double layer when their content is low

(*1 g L71). As the additive concentration increases, they

are aggregated, while the aggregates are physically captured

by the growing chromium precipitate. The microhardness of

the coatings obtained without DNDs is 855 kgf mm72,

while those of the coatings obtained under the same

conditions using DND±TAN and DND±P are 1150 and

1017 kgf mm72, respectively. As compared with the chro-

mium coating without additives, the maximum wear resist-

ance increases 12-fold for the use of DND±P and 5-fold for

the use of DND±TAN or DB. The highest corrosion

resistance in the salt spray chamber is inherent in chromium

coatings with boron-doped nanodiamonds (DND±B)

(0.08 mass% boron). The concentrations of this additive

were 2.5, 5.0 and 10 g L71; the studies were performed

using hard and wear resistant chromium plating. The

corrosion resistance was 3 times as high as that of the

chromium coating without additives; the coating is denser

and has no through thickness cracks. The thickness of the

chromium coating with boron-doped (DND±B) or phos-

phorus-doped (DND±P) nanodiamonds can be reduced to

20 ± 50 mm.

In the presence of additives, the coatings are more shiny,

smooth and more uniform; they have no low-quality areas

at the electrode edges, which are especially characteristic for

high current densities in pure solutions. Due to the change

in the structure of precipitates, the microhardness of chro-

mium coatings increases from 855 kgf mm72 for pure

chromium to 1300 kgf mm72 for chromium with DND±B

additives.

Burkat et al.120 used dry products containing the follow-

ing components:

Ð DND obtained from a TH mixture, a surfactant,

sodium carbonate and citric acid; the DND content is 62%;

Ð DB obtained by tetryl detonation; the DND content

is 62%.

The microhardness of solid chromium increased from

9.5 to 13.6 GPa in the presence of DNDs and from 9.3 to

13.2 GPa in the presence of DB; in the case of wear-

resistant chromium, the microhardness increased from 8.0

to 13.6 GPa in the presence of DNDs, while wear decreased

from 3.0% to 0.8% (for DNDs and DB).

Thus, the use of economically preferable dry diamond-

containing formulations resulted in high quality character-

istics of chromium 7 diamond coatings; the DB obtained

by detonation of tetryl was used for the first time.

4.3.2. Nickel ± diamond coatings

A study of Dolmatov et al.121 was aimed at substantially

increasing the microhardness, wear resistance and corrosion

resistance characteristics of nickel 7 diamond coatings by

adding phosphorus-doped DNDs. The modified detonation

nanodiamonds (MDNDs) were prepared by detonation of

an explosive charge (50 : 50 TH; 2 mass%± 10 mass%

NH4H2PO4) in an aqueous urotropin solution shell. The

DB formed after explosion was purified by the standard

chemical procedure to attain a phosphorus content of

0.06 mass% to 0.21 mass% in DNDs. The electrochemical

nickel plating was carried out using a standard electrolyte of

the following composition /g L71: NiSO4
. 6H2O, 250 ± 300;

NiCl2, 35 ± 55; H3BO3, 30 ± 45; MDNDs, 2 ± 7; RADO-57M,

4 mL. The nickel plating was carried out at pH 5 and a

temperature of 25 8C. The physicomechanical character-

istics of the electrochemical composite nickel coatings are

mainly influenced by the DND concentration in the electro-

lyte and the current density. The introduction of MDNDs

gives the smallest grain size, provides a 2.5-fold increase in

the microhardness and a 8-fold decrease in wear.
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The micrographs of the nickel coating with modified

and pristine DNDs are depicted in Fig. 9.121 The properties

of these coatings varied in the following way:

Panel in Fig. 9 a, c d b, c

Microhardness /kgf mm72 268 381 660

Wear (%) 14 3.8 1.7

When coupled with iron, nickel is the cathode, as it has a

more electropositive potential. Nickel can protect steel only

physically; hence, the coating should have no pores. The

nanodiamond additives act as surfactants and thus decrease

the porosity of nickel coatings. The samples coated by

nickel from an electrolyte containing nanodiamonds

showed much better characteristics. When only MDNDs

were used, the corrosion resistance increased 5 ± 9-fold,

while the use of the MDND+RADO-57M composite

additive induced a 35 ± 70-fold increase.

Combined use of MDNDs and RADO-57M produced

the following effects:

Ð the microhardness of the coatings increased 1.75-fold

compared with the best of previous results (Ref. 122).

Ð the MDND consumption decreased: it was 6 times

lower than those in all previous studies (Refs 122, 123);

Ð the low current density was used [i=2.5 A dm72,

which is 2 ± 6 times lower than in other studies (Refs 122,

123)];

Ð there was no need for complex MDND pretreatment

for introduction into electrolyte (immediately after chemical

purification, the MDND suspension was added to the

electrolyte for coating deposition);

Ð a simpler and cheaper electrolyte composition; a

nearly room temperature for deposition (25 8C); therefore,

the energy expenditure was markedly reduced; a standard

electrolyte nickel plating electrolyte was used.

4.3.3. Electrochemical diamond-containing anodized aluminium

oxide coatings

The most important issues are increasing the corrosion

resistance, wear resistance and strength of anodized oxide

coatings made of aluminium and its alloys, while enhancing

the dielectric properties of the coatings. A process has been

developed comprising electrochemical oxidation in a sulfu-

ric acid electrolyte containing 0.5710.0 g L71 of DNDs

modified by ammonia, antimony or boron.124

The process was conducted using DND±TAN, anti-

mony-doped diamond blend (DB ± Sb) and DND±B.

The DND±TAN surface has a large number of amine

and amide functional groups. The least expensive, widely

used and environmentally safe procedure is anodic oxida-

tion in aqueous sulfuric acid of 1807250 g L71 concen-

tration at a current density of up to 2.0 A dm2, maximum

voltage of *24 V and temperature of 10720 8C carried out

for 15 ± 60 min. These conditions were patented.124

In electrolytes, modified DNDs (DND±TAN, DB ± Sb

or DND±B) form sedimentation- and coagulation-stable

systems at working concentrations of 0.5 ± 10.0 g L71. The

negative charge of nanodiamond additives is the driving

force of penetration of DB or DNDs into the pores formed

on exposure of the aluminium surface to the acid. When

MDNDs are used in the electrolysis, owing to higher

affinity for the oxide film, higher mobility in the electrolyte,

the presence of amine and amide groups (in the case of

DND±TAN) or antimony- and boron-containing groups

(in the case of DB ± Sb and DND±B) on the nanodiamond

surface, the resulting coatings have high microhardness, low

porosity and enhanced corrosion resistance, with the con-

sumption of nanodiamond raw materials being low

a b c d e

10 mm 10 mm 10 mm 10 mm 10 mm

Figure 9. Micrographs of surfaces (a, b) and micro-slices (c ± e) of coatings deposited from an electrolyte without additives (a, c), with
added DND (d ) and with added DND±P (b, e).121 The authors are grateful to Springer and Journal of Superhard Materials for the
permission to reproduce this Figure.

c d
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1 mm

Figure 10. Micrographs of surfaces (a ± c) and micro-slices (d ± f ) of
anodized aluminium deposited from an electrolyte without addi-
tives (a, d ), with added DB ± Sb, 3 g L71 (b, e) and with added
DND±TAN, 2 g L71 (c, f ).125 The authors are grateful to
Springer and Journal of Superhard Materials for the permission to
reproduce this Figure.
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(0.5 ± 10.0 g L71). The presence of nanodiamonds does not

affect the growth rate of the protective film, but provides

the film filling during the electrolysis.

The use of DB ± Sb decreases the porosity *2.3-fold

compared with the porosity of anodized aluminium. The

corrosion resistance of anodized aluminium deposited from

an electrolyte containing DND±TAN and DB ± Sb is *2.4

times higher than the corrosion resistance of coatings with-

out additives. As the electrolysis temperature decreases

(down to 5 ± 7 8C), the microhardness of the coatings

increases. An increase in the current density also leads to

increasing microhardness (Fig. 10). The data demonstrating

the change in the surface properties of anodized aluminium

containing DND±TAN and DB ± Sb are summarized in

Table 6.125

The increase in the microhardness of anodic aluminium

coatings is due, first of all, to the presence of DB ± Sb and

DND±TAN in the oxidation electrolyte; in the recom-

mended concentration range of 0.5 ± 10 g L71, a stable

1.5-fold increase in the microhardness is observed.

4.3.4. Silver ± diamond coatings

The use of relatively non-toxic non-cyanide electrolytes for

silver plating affords coatings that are inferior in the set of

electrophysical and mechanical characteristics to silver

precipitates obtained from highly toxic cyanide baths. A

process has been patented 126 for the deposition of a

silver ± diamond coating with a low resistivity, high wear

resistance, low porosity and, hence, enhanced corrosion

stability for low consumption of a cheap modified DB.

These coatings significantly increase the service life of items

and expand the scope of their application. If the silver

coating contains graphene apart from DNDs, the coating

electrical conductivity markedly increases. The production

process of the coatings includes the electrochemical deposi-

tion from an electrolyte containing silver ions and DB of the

detonation synthesis pretreated with 5%± 30% nitric acid.

Electrolyte composition/g L71: K[Ag(CN)2] (in terms of

Ag), 20 ± 35; K2CO3, 40 ± 50; KCNS, 150 ± 200; DB,

0.2 ± 2.0; temperature of 18 ± 25 8C and cathodic current

density of 0.5 ± 2.0 A dm72. The diamond blend contained

40 mass% ± 50 mass% DND and 50 mass%± 60 mass%

non-diamond carbon. For the removal (oxidation) of the

disordered carbon and retention of graphene-like struc-

tures, DB is treated with dilute nitric acid.

The addition of DB to a dicyanoargentate electrolyte

was found to induce the following beneficial effects: a

1.5 ± 3.0-fold increase in the electrical conductivity of silver

coatings; a 3 ± 6-fold increase in the coating wear resistance

(1.5 g L71 of DB); a 5-fold decrease in the coating porosity

(with a parallel increase in the corrosion resistance)

(0.5 g L71 of DB; i=0.3 A dm2); and a 2-fold increase in

the throwing power (coating uniformity across the thick-

ness). A 3-fold decrease in the grain size is attained when the

DB concentration in the electrolyte is 0.2 to 2.0 g L71. The

microhardness of the coatings increases up to 1.5-fold (from

80 to 118 kgf mm72).

A simple process has been developed 127 for the fabrica-

tion of a silver ± diamond coating with high wear resistance,

low porosity and, hence, enhanced corrosion resistance for

a low consumption of diamonds, which considerably

increases the durability of items coated by this material.

The proposed method includes the coating deposition at a

temperature of 18 ± 25 8C and current density of

0.3 ± 2.0 A dm72 from the electrolyte containing /g L71:

K[Ag(CN)2] (in terms of Ag), 20 ± 35; K2CO3, 40 ± 50;

KCNS, 150 ± 200; DND±TAN, 0.2 ± 2.0. The adsorption

capacity of DND±TAN is 1 to 10 mg-equiv. m72; they can

adsorb 20 to 380 mg of silver per gram of the added

nanodiamonds and participate in the transport of silver

ions towards the cathode surface.

As the concentration of DND±TAN additive increases,

the activation energy increases *3-fold. Hence, there is an

additional potential barrier that hampers the ion discharge.

It was found that the silver coating samples obtained with-

out DND±TAN have a clearly coarse crystalline structure,

while the samples obtained in the presence of DND±TAN

possess a uniform dense structure. The microhardness of the

silver coating increases in the presence of DND±TAN from

80 (without the additive) to 155 kgf mm72.

By using DND±TAN in the dicyanoargentate electro-

lyte, the authors attained a *30-fold increase in the wear

resistance of the silver coating; a 2 ± 7-fold decrease in the

coating porosity (with a parallel increase in the corrosion

resistance); a 1.6 ± 1.7-fold increase in the throwing power

(coating uniformity across the thickness); and a 4-fold

decrease in the grain size (for the 0.2 to 2.0 g L71 concen-

tration of DND±TAN in the electrolyte).

4.3.5. Gold ± diamond coatings

Electrochemical gold plating has been studied 128, 129 in two

standard electrolytes, citric acid and phosphoric acid, in the

presence of DNDs doped with boron and phosphorus (from

0.2 to 5.0 g L71). Also, DND±TAN was used.130 In

addition, DNDs crushed to the nanometre state using

O
±
sawa and co-workers 131 and Vul' ±Aleksenskii 132

methods were employed.

The advantages of the proposed process over the exist-

ing methods for the manufacture of gold coatings are as

follows:

Ð almost no wear in the case of using either boron-

doped DNDs crushed by the Vul' ± Aleksenskiy method or a

dispersed dry DND powder (DND±B) in a cavitational

dispersing system;129

Table 6. Change in the surface properties of anodized aluminium with
DND±TAN and DB±Sb.125

Item Microhardness Porosity Corrosion resis-
in Fig. 10 /kgf mm72 (%) tance /h (408)

a, d 623 0.025 92

b, e 1003 0.011 >220

c, f 1020 0.009 >220

a b

1 mm1 mm

Figure 11. Surface micromorphology of gold coatings obtained
without additives (a) and with added (1 g L71) DND±B (b).129

The authors are grateful to Springer and Journal of Superhard
Materials for the permission to reproduce this Figure.
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Ð increase in the microhardness of gold coatings by

20%± 60% (up to 220 kgf mm72) compared to that of pure

gold;

Ð the composition gold plating requires conventional

galvanic equipment and basic chemicals used for gold

plating.

The implementation of this new process may decrease

the thickness of the gold coating 2 ± 3-fold, which would

save the precious metal, reduce the electrical energy and

labour expenditures by a large factor and decrease the

environmental impact. All this leads to higher quality and

competitive capacity and expands the market outlet for

gold ± diamond-coated items. This is exemplified by

Fig. 11, which shows the micrographs of the surface of

gold coatings without additives and with the addition of

boron-doped DNDs. The properties of these coatings varied

in the following way:129 the microhardness was 180 and

214 kgf mm72 and wear was 2.8% and 1.0%, respectively,

for samples presented in Fig. 11 a,b.

4.3.6. Zinc ± diamond coatings

The use of zinc is due to the properties of inorganic zinc

compounds such as environmental stability and low cost.

Zincate electrolytes are more preferable from the environ-

mental standpoint than the cyanide electrolytes used for-

merly. A biologically soft polymer additive A1DM,

decomposing in the environment, was found and used for

zincate electrolytes. A study of Burkat et al.133 was aimed at

elucidating the effect of A1DM and boron-doped

(0.45 mass%) DNDs on the corrosion resistance of zinc

coatings. The coatings were deposited from an electrolyte

containing /g L71: ZnO, 6 ± 12; NaOH, 75 ± 120; A1DM,

8 ± 12; DND±B, 0.5 ± 7. The addition of DND±B markedly

hampers zinc ionization in comparison with the addition of

only A1DM and results in a denser coating. The corrosion

currents in a 3% NaCl solution decrease virtually 3.6-fold

on the zinc coatings produced in the presence of DND±B.

In a salt spray chamber, corrosion was lower for zinc

coatings produced from electrolytes containing boron-

doped nanodiamonds in at concentration of 5 and 7 g L71

(corrosion decreased 3.1 ± 3.4-fold), which is in good agree-

ment with the data on corrosion currents.

Thus, the combined use of A1DM and DND±B addi-

tives in the zincate electrolyte had the following benefits: the

uniformity of coating deposition increased 2.5 ± 4.0-fold; the

corrosion resistance increased 2.5 ± 3.0-fold; and the micro-

hardness increased by 10%. Recommended electrolyte

composition /g L71: ZnO, 10; NaOH, 100; A1DM, 6;

DND±B, 5 ± 7; deposition conditions: i=3 A dm72,

T=25 8C.

4.4. Bulk metal ± nanodiamond composites
Copper, aluminium and their alloys are of particular inter-

est as the bases for bulk composite materials.134 The

addition of nanodiamond powders to the aluminium matrix

makes it possible to obtain materials with high thermal

conductivity and specific strength, which are necessary for

aircraft, nuclear and electronic industries. The physical

doping via milling of DND aggregates together with the

copper M1 or brass L62 particles, accompanied by strain-

induced destruction and welding, gives a granular compo-

site material. Up to 20 vol.% DNDs are added to a mixture

of copper and brass powders. After treatment for 100 min,

the granular product acquires an equiaxed shape and a

homogeneous structure. The composite material was

obtained by mechanical mixing in a Retch PM-400 plane-

tary mill. When the DND content was up to 10 vol.%, a

uniform distribution of non-agglomerated nanodiamonds in

the metallic matrix could be obtained on long-term treat-

ment. It was shown that the increase in the DND content in

the composite above 20 vol.% results in significantly

decreasing homogeneity, so that DNDs appear on the sur-

face of the granular material as a separate phase.59

The following specific features of using DNDs were

noted:134

Ð important engineering factors are the decrease (down

to zero) of adhesion of the raw material (together with

nanodiamonds), intermediate and final products to the

process equipment surfaces; the absence of product lumping

in any stage of processing;

Ð a chemical engineering factor is enhancement of

oxidative process (for aluminium, nickel and copper) in

the case of high DND content.

The fracture testing of the resulting composite material

showed two types of fracture: a lusterless and a bright

fracture. When 10 vol.% DNDs are used, the fracture

affects the material bulk rather than the boundaries of

granules. The fracture involves the granule boundaries

only if the DND concentration in the composite is

520 vol.%. In this case, the reinforcing particles are

distributed non-uniformly. When the DND content is

10 vol.%, it is possible to reduce the mixing and milling

time down to 1 h (for copper and aluminium). The results of

compression tests confirmed this conclusion. The applica-

tion of DNDs decreases the linear thermal expansion

coefficient of the composite.

Meanwhile, in the fabrication of the nickel-based com-

posite, a uniform distribution of nanodiamonds throughout

the composition is achieved over a much longer time than in

the case of an aluminium or copper matrix.135

Elomaa et al.136 described a process for the vapour

deposition of the standard diamond coatings. In order to

enhance adhesion between the deposited polycrystalline

diamond film and the substrate, the latter was manufac-

tured from a composite with a metal or non-metal binder

and DNDs, the volume fraction of which was 5% to 90%.

The resulting composite contained at least one metal (silver,

gold, platinum, copper, aluminium, nickel, cobalt, tanta-

lum, yttrium, zinc, tin or lead). This composite can also be

manufactured by mechanical doping.

4.5. Composite materials based on polymers
The applications of DNDs for the fabrication of various

types of composites based on polymers are described in

several reviews (see, e.g., Refs 137 ± 140). However, despite

the large number of scientific publications, the level of

industrial application of these composites is markedly

lower than that of, for example, technical carbon. One of

the causes for this is the abundance of diverse functional

groups on the DND surface, with the type and the quantity

of functional groups being appreciably dependent on the

preparation prehistory, purification method and subsequent

functionalization of the DND surface.141 ± 143 Meanwhile,

the change in the functional composition of the initial

DNDs is often a necessary condition for achieving a higher

level of compatibility between the filler and the polymer

matrix.

Furthermore, the production cost of not only purified

DNDs, but also DB is many times higher than the produc-

tion cost of the same amount of the polymer used as the
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matrix component. It appears that composites based on

epoxy resins, elastomers and some types of thermoplas-

tic,144 tribological, biomedical 144 and special-purpose mate-

rials, the manufacture of which does not require large

amounts of nanodiamonds, would be the most promising

DND-containing new materials with improved properties

and characteristics.

The most pronounced changes in the properties and

characteristics of polymer matrix materials (e.g., mechan-

ical properties) caused by doping or filling with finely

dispersed DNDs were ascertained for the polymer matrices

with initially low mechanical characteristics (epoxy resins,

elastomers). Doping of high-strength or high-modulus pol-

ymer matrices with nanodiamonds proved to be less effi-

cient. Studying of the effect of the composition of nano-

diamond surface on the properties and characteristics of the

obtained polymer composites is a key task of the research

related to DND-containing composites. Rakha et al.145

used treatment with ozone followed by surface amination

with excess triethylenetetramine (TETA) and treatment

with a mixture of nitric and sulfuric acids for 24 h for

functionalization of the DND surface. The composites were

prepared using diglycidyl ether of bisphenol A (DGEBA) as

the matrix component and TETA as the curing agent. The

attachment of functional groups to the DND surface,

providing adhesion between the nanoparticle and the

epoxy matrix, was proved by Fourier transform IR spectro-

scopy. The mechanical characteristics of the composites

were determined by the three-point bending method. The

bending strength, elastic modulus and impact strength of

the nanocomposites containing 0.1 mass% of ozone-treated

DND increased by 85%, 57% and 39%, respectively. This

degree of filling of the composite proved to be optimal. At

higher DND contents, the mechanical properties of compo-

sites were deteriorated.

The effect of DB and DNDs, obtained by oxidation of

DB at 435 8C followed by treatment with a nitric and

sulfuric acid mixture, on the mechanical characteristics of

an epoxy matrix based on DGEBA and methylhexahy-

drophthalic anhydride (as a curing agent) was studied by

Haleem et al.146 For composites containing 1 mass% of the

filler, the tensile strength increased 1.5-fold.

Several groups of researchers studied the effect of DND

as a functional reactive dopant in composite systems. For

example, Aris et al.147 used three types of DNDs (with

pristine, oxidized and aminated surface) to study the curing

kinetics of the EPON2828 epoxy resin (using TETA as the

curing agent). The differential scanning calorimetry experi-

ments on the curing kinetics of the epoxy resin demon-

strated that adding DNDs to the reaction system did not

change the curing mechanism, but affected the kinetics.

Analysis of the kinetic curves by the isoconversion method

showed that in the presence of nanodiamonds, the activa-

tion energy for the cross-linking of epoxy resin decreases,

this decrease being most pronounced in the case of DND

particles with polar amino groups on the surface (due to

acceleration of the epoxide ring opening with an amine

curing agent).

The mechanism of curing of multicomponent thermoset-

ting binders in the presence of highly dispersed DB particles

was studied in detail by Tikunova et al.148 As investigation

objects, the authors used dispersion filled polymer binders

based on the Epikote 828 epoxy resin and the Epikote 154

novolac resin. Cyclic anhydrides (isomethyltetrahydroph-

thalic and endic anhydrides) were used as curing agents and

undecylimidazole served as the catalyst. The epoxy resin

curing process was carried out in the presence of highly

dispersed DB powder (manufactured by CJSC Elektro-

khimpribor, Lesnoy, Russian Federation). According to

high-temperature FT IR spectroscopy and attenuated total

reflection data, the diamond blend additive induces an

increase in the rate of polyester formation and accelerates

the composite curing in the temperature range of

85 ± 165 8C. The maximum degree of conversion of the

anhydride groups was observed for DB content of only

0.05 mass %. The authors suggested that the curing of DB-

filled binders results in the formation of stable complexes

involving the anhydride groups of the curing agent and the

functional groups present on the surface of DB particles

(see, for example, structures 1 ± 3), which are in turn

complexed with epoxide groups (Scheme 1).

The following two important conclusions were drawn in

the above publications devoted to DND-doped epoxy

resins:

Ð DNDs can act in these systems as not only active

functional fillers, but also as (co)catalysts of the involved

polymerization processes;

Ð the DND concentration (load) is moderate and

should be optimized for producing the maximum effect.

4.5.1. Elastomer ± diamond composite materials

Shakun et al.149 analyzed the results obtained by using

DNDs and DB as fillers for various elastomers for common

and special purposes, including polyfluorinated elastomers,

polysiloxanes, polyisoprenes, styrene7butadiene rubber

and polyurethane. Generally, the use of DNDs and DB

enhanced the strength and tribological characteristics,

increased the tensile strength and improved the processabil-

ity.
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Hajiali and Shojaei 150 investigated the effect of DNDs

on the formation of a network of entanglements and the

kinetics of cross-linking of an elastomer mixture (natural

rubber and styrene butadiene rubber) during mechanical

mixing and vulcanization by sulfur-containing cross-linking

systems. The uniform distribution of the filler throughout

the elastomer matrix (5 parts of DNDs per 100 parts of the

elastomer) was confirmed by high-resolution field emission

scanning electron microscopy (FESEM). The curing of

rubber mixtures in the presence of DNDs had a shorter

induction period and a higher rate with a low activation

energy for all vulcanizates. The authors attributed this

result to adsorption of the vulcanization accelerator on the

DND surface.

The introduction of pristine DND and DND doped with

1.45 mass%± 4.25 mass% vinyltrimethoxysilane

(VTMOS) results in polydimethylsiloxane (PDMS) rein-

forcement. The improvement of dispersion of doped

DNDs in PDMS upon mechanical mixing of the compo-

nents was evidenced by FESEM. The introduction of DNDs

and DND7VTMOS into PDMS is accompanied by

increasing tensile strength of organosilicon rubber by 45%

and 70%, respectively. The most pronounced increase in the

strength of filled PDMS in the studied range of composi-

tions (0.2 mass% to 1.5 mass% doped DNDs) was found

for the lowest (0.2 mass %) degree of filling.

4.5.2. Polymer ± diamond composites based on thermoplastics

Apart from functional groups, the DND surface contains

uncompensated (usually positive) surface charges, which is

a consequence of acid treatment during the purification

procedure.117 It is not surprising that a much more pro-

nounced effect of DNDs on the properties of thermoplastics

was usually observed for polymers with so-called polar

matrices (polyamides, polyvinyl alcohol, butadiene7styr-

ene thermoplastic elastomer, etc.) rather than non-polar

matrices (polyolefins, perfluorinated polymers, etc.).

Morimune et al.151 investigated isotropic composites of

polyvinyl alcohol (PVA) with DNDs (PVA ±DND) that

were cast from an aqueous solution of the polymer contain-

ing dispersed DND particles. The most pronounced (2.5-

fold) increase in the initial elastic modulus of the composite

relative to the reference sample (pristine PVA) was found

for a DND content of 1 mass%. The tensile strength for

this degree of filling also increased (*1.25-fold). A further

increase in the degree of filling did not lead to a consid-

erable change in the elastic and strength characteristics; the

authors attributed this to aggregation of the filler. It should

be noted that absolute values of the elastic modulus and

tensile strength of the reference sample were moderate,

4 GPa and 95 MPa, respectively; therefore, the absolute

values for these characteristics attained for the composite

with the optimal component ratio were also moderate:

10 GPa and 120 MPa.

A study of the morphology and mechanical properties of

the PA6 polyamide composites with DND7COOH and

DND7NH2 prepared by the melt mixing method demon-

strated 152 that the use of DNDs with carboxylated surface

results in composite embrittlement and the elongation at

break of this composite decreases with increasing degree of

filling. In the case of DND7NH2 composite (0.25 mass%

degree of filling), the initial elastic modulus increases

1.25-fold with virtually invariable tensile strength and

elongation at break.

Kurkin et al.153, 154 demonstrated for the first time that

not only the DND content in the system but also the sign of

the uncompensated surface charge of DND particles can

considerably affect the properties of the polymer ± DND

composite. The authors studied the influence of DNDs on

the adhesive strength of PVA fibre in the epoxy matrix.

Diamond blends of two types were used as modifying fillers,

one with positively [DB(+)] and one with negatively

[DB(7)] charged surface (according to dynamic light scat-

tering, the z-potential in DMSO was +20 and 726 mV,

respectively). The system included the following compo-

nents: ED-20 epoxy resin served as the model binder,

m-phenylenediamine (MPD) was the curing agent and

diethylene glycol diglycidyl ether (DGDE) served as the

plasticizer. The mass composition of the cured resin was as

follows: ED20 :MPD :DGDE=100 : 20 : 15. Diamond

blends of two types were added to PVA fibre and to the

epoxy matrix in various combinations (totally 9 variants).

The DB content in the epoxy binder was 0.05 mass% and

that in PVA fibre was 2.8 mass%. The adhesive strength of

the PVA fibre in the epoxy matrix was determined by the

pull-out method after curing the binder under standard

conditions. Modification of the matrix component virtually

did not affect its mechanical characteristics, while modifi-

cation of the fibre component by adding DB (+) caused a

1.6-fold increase in the tensile strength of the PVA fibre and

a *2-fold increase in the elongation at break (Table 7).

The adhesion strength at the PVA fibre/epoxy matrix

interface also strongly depended on the variant of modifi-

cation (Table 8).

The maximum adhesion strength at the polymer/binder

interface increased *4-fold (42 MPa), with DB(7) being

distributed in the epoxy binder and DB(+) being distrib-

uted in the fibre, in comparison with the interfacial strength

of pristine components (10.5 MPa).

Composites based on thermoplastics and DNDs showed

a nontrivial result of increasing deformation energy at break

of PVA ±DND composites upon the addition of

Table 7. Mechanical characteristics of modified components of poly-
mer systems.154

Component Tensile Elongation
strength /MPa at break (%)

Epoxy matrix

ED20 97� 3 2.2

ED20+0.05 mass%DB(+) 98� 2 2.1

ED20+0.05 mass%DB(7) 100� 2 2.2

PVA fibre

PVA 634� 15 4.8

PVA+2.8 mass%DB(+) 1038� 50 6.4

PVA+0.05 mass%DB(7) 590� 30 6.1

Table 8. Interfacial adhesion strength (MPa) for the initial and
modified components of epoxy systems.154

Component PVA PVA+DB(+) PVA+DB(7)

ED20 10.5� 0.5 23� 2 16� 1

ED20+DB(+) 37� 2 19� 3 33� 1

ED20+DB(7) 16� 1 42� 2 17� 2
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DNDs;152 ± 155 most often, the introduction of an inorganic

component to the polymer system leads to embrittlement. In

the case of filled composites, the elastic modulus usually

increases, the tensile strength either remains unchanged or

decreases, while the elongation at break sharply decreases

almost in all cases. A possible explanation to the improve-

ment of elasticity of PVA fibres upon the addition of DNDs

is the formation of so-called sliding links of chain entangle-

ments (possibly represented by functional groups of doped

DND particles), which react with the PVA hydroxyl groups.

Previously, a similar effect of increasing deformation energy

at break of a filled composite was observed for the butadie-

ne7styrene thermoplastic elastomer filled with DNDs and

DB.156

4.5.3. Tribology of polymer composites

A large number of studies address the potential promising

tribological applications for DNDs (e.g., Ref. 157).

A study of the tribological properties of epoxy matrices

filled with pristine DNDs and modified DNDs with an

aminated surface (ethylenediamine) 155 showed a significant

decrease in the wear and friction coefficient compared to

those for an unfilled material. Tribological characteristics

were determined for different characteristic size scales using

the pin-on-disk method in a composite ±metal dry friction

pair with aluminium or steel spheres as counter-bodies, the

nanoindentation method and atomic force microscopy. The

use of surface-aminated DNDs for improving the tribolog-

ical characteristics of composites proved to be more effi-

cient than the use of pristine DNDs, which was explained by

the formation of a stronger particle/matrix interface.

Unfortunately, significant changes in tribological character-

istics were found only for high degrees of filling of the

polymer composites (57.5 mass% DND), which limits

their practical applicability in friction pairs.

Ayatollahi et al.158 studied the tribological properties of

epoxy-based composites with DNDs at low contents of the

filler. The addition of only 0.1 mass% DNDs with the

surface modified by cetyltrimethylammonium bromide

resulted in a 50% decrease in the friction coefficient for

the epoxy matrix ± carbon steel dry friction pair and a 84%

decrease in wear. A further increase in the DND content in

the system did not improve the tribological characteristics,

probably, due to the local aggregation of DND particles.

Golchin et al.159 used the pin-on-disk method to study

the tribological characteristics of DND-filled ultrahigh

molecular weight polyethylene (UHMWPE) in water-lubri-

cated sliding contacts. Inconel 625, an acid-resistant

nickel ± chromium alloy containing niobium and molybde-

num, was used as the counter-body. For the introducion

into UHMWPE, the nanodiamonds were dispersed in etha-

nol using an ultrasonic bath and blended with dispersed

polymer particles. The subsequent drying and consolidation

gave the composite material. The composite containing

1 mass% DND had a 72% lower wear and a 24% lower

friction coefficient than the pristine UHMWPE. On further

increase in the DND content, the modification effect dis-

appeared, which was attributed to inefficient dispersion of

DNDs in the composite.

The tribological properties of the PA6/DND7COOH

and PA6/DND7NH2 systems were studied by the pin-on-

disk method in a dry friction pair with the AISI 52100

stainless bearing steel.160 The composites were synthesized

by the melt mixing method. It was shown that PA6 filled

with carboxylated DNDs (1 mass%) were characterized by

a 30% decrease in the wear rate and a 60% decrease in the

friction coefficient compared with those of unfilled PA6

polyamide. For comparable degrees of filling, the introduc-

tion of surface-aminated DNDs into the composite led to a

lower wear than the introduction of surface-carboxylated

DNDs. The authors attributed this to better dispersion of

modified DND in PA6 polyamide. For the PA6 composite

containing 1 mass% carboxylated DNDs, the friction coef-

ficient and wear rate were shown to gradually decrease in

long-term tribological tests. In the authors' opinion, a

possible explanation to this result is the formation of a

strong contact friction layer, which contains nanodiamond

particles and determines the self-lubrication effect and high

thermal conductivity.

4.5.4. Polymer ±DND composites for special applications

Highly thermally stable poly[2,20-(p-oxydiphenylene)-5,50-
bibenzimidazole] (OPBI) was synthesized in polyphosphoric

acid in the presence of DNDs to give in situ the

DND±OPBI/OPBI nanocomposite by the Friedel ± Crafts

reaction.161 The covalent attachment of DNDs to the

polymer was proved by NMR spectroscopy, X-ray photo-

electron spectroscopy and X-ray diffraction. A scanning

electron microscopy examination confirmed efficient dis-

persion of DNDs in the polybenzimidazole matrix. It was

shown that DNDs efficiently reinforce the polymer matrix.

A 30% increase in the elastic modulus and tensile strength

without the loss of ductility was found for the modified

polymer containing 1 mass% DNDs. The DND-grafted

composites had a higher thermal stability than the pristine

polymer. For the composites with the same DND content

prepared by mechanical mixing, no practically significant

changes in the polymer matrix properties were observed.

Branson et al.162 reported an attempt to produce DND-

containing nanofluids with high thermal conductivity. Sta-

ble ethylene glycol dispersions of DNDs were prepared

using the technique of formation of polymer brushes on

the surface of nanodiamond particles. For the preparation

of such particles, a dispersion of DNDs in DMSO was

treated with glycidol at elevated temperature; the process

was accompanied by covalent condensation of glycidol

monomers with the DND carboxyl groups followed by

ring opening oligomerization of glycidol to give polymer

brushes composed of polyglycidol molecules. The replace-

ment of DMSO by ethylene glycol resulted in the formation

of the target nanofluids, which showed an increase in the

heat conductivity of the medium by 12% for the DND

content of 0.9 vol.% in comparison with pure ethylene

glycol. The authors believe that improvement of the cova-

lent DND modification procedure, which optimizes the

nanodiamond solvation process, could result in the prepa-

ration of cooling fluids with high thermal conductivity.

A practically important example of industrial use of

DNDs in polymer systems was described by Bhadra et

al.,163 who examined the possibility of DND immobilization

in the Celgard type X30 ± 240 distillation membrane for

improving the water desalination process. The nanodia-

monds were inserted into the membrane by forcing a DND

dispersion in an acetone solution of polyvinylidene fluoride

through the membrane. All performance characteristics

were higher for the modified desalination membrane con-

taining only 2 mass% DND than for the pristine mem-

brane. In the described experiments, the permeate flux

reached a maximum value of 13.8 L m72 h71 at the degree

of desalination of 99.9%. The mass transfer coefficient for
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the modified membrane at 90 8C reached a maximum of

5.4761078 kg m72 s71 Pa71 and, depending on the flux, it

was 1.4 ± 1.8 times higher than this value for the pristine

membrane. In the authors' opinion, the introduction of

DNDs has a favourable influence on the interaction of

water with the hydrophobic membrane, thus improving the

water vapour permeability of the membrane and preventing

the penetration of liquid water into the pores.

It is known 164 that DNDs are more biocompatible

materials than carbon nanotubes or technical carbon. Con-

sidering the DND biocompatibility and the wound-healing

ability established for the bacterial cellulose/chitosan com-

posites, Ostadhossein et al.165 made an attempt to fabricate

composite films based on polysaccharides containing nano-

diamonds, which could become a flexible platform for the

development of new promising types of medical dressings.

The chitosan/bacterial cellulose/DND composite films con-

taining 1, 2, 3 and 4 mass% DNDs were cast from solu-

tions. Upon the addition of 2 mass% DND, the elastic

modulus of the cast composite film increased 3 ± 5-fold,

while the tensile strength of the material and the elongation

at break decreased by 25%. Analysis of mitochondrial

activity of L929 fibroblast cells showed that the nano-

composite films remain biocompatible (>90%) even after

24-h incubation. The developed materials can be used for

the manufacture of medical dressings, including those

providing transdermal drug delivery.

Delavar and Shojaei 166 investigated the possibility of

changing the mechanical characteristics of biomedical chi-

tosan ±DND composites by varying the degree of oxidation

of filler particles. The controlled oxidation of the DND

surface was carried out at 420 8C for various periods of

time. Nanodiamond-containing composite films were pre-

pared by casting from a solution. The most pronounced

increase in the tensile strength (up to 85%) and tensile

modulus (up to 125%) was found for the composite that

contained 1.5 mass% DND oxidized for a long period of

time (4.5 h). Meanwhile, the elongation at break decreased

by 300%.

Angjellari et al.167 reported the use of the PVA/DND

dispersion as a new type of ink for 3D printing of items of

various shapes. Analysis of the mechanical properties of

three-dimensional printed objects showed that the average

elastic moduli determined by the contact resonance of the

calibrated cantilever of a Solver atomic force microscope

(NT-MDT, Russian Federation) were greater by 22%, 44%

and 200% for PVA ± DND nanocomposites with

0.5 mass%, 1 mass% and 5 mass% filler contents, respec-

tively, than for pristine PVA. It was assumed that the

developed PVA ±DND composites would be widely used

for 3D printing.

4.6. Antifriction oil compositions with detonation
nanodiamonds
Diamond blend is often used as a multifunctional lubricat-

ing oil additive. Fractal carbon particles with a developed

periphery have a strong structuring effect on the oil, which

largely changes the friction mechanism.168 Apart from the

dispersion of carbon particles, tribochemical reactions,

including unexpected ones, take place in the friction zone

with local heating and loads. Simulation of the friction

conditions (high pressure and temperature) for the DB ± hy-

drocarbon systems revealed considerable changes in the

phase composition of carbon, in particular, appearance of

graphene-like structures as a result of recrystallization of a

part of amorphous carbon. Hence, in the tribological

contact area, a carbon particle is transformed into a

graphene-like cluster with specific lubricating properties,

caused by the layered structure of graphene. Apparently,

the graphene-like structures are generated in a repeated

manner, which ensures long-term performance of the addi-

tive.

Apart from the decrease in the friction coefficient, the

addition of nanodiamonds to the lubricant causes a consid-

erable decrease in the wear of the friction pair. This raises

the temperature limit of applicability of the lubricant

composition. Ivanov 169 proposed a mechanism of DND

action on the friction surface of the pair depending on the

applied load. It is believed that the lubrication mechanism

in the presence of DNDs is related to incorporation of

DNDs into the tribological surface. The size, strength and

the round shape of nanodiamonds make them an effective

antiwear and antifriction additive to quite a number of

lubricants. In a diamond blend with, on average,

40 mass% ± 60 mass% nanodiamonds and, correspond-

ingly, 60 mass%± 40 mass% graphite/graphene structures,

the former exhibit weak microcutting properties, which are,

however, sufficient for polishing of contact surfaces. This

process is of short duration and ensures the largest contact

area and, hence, a semifluid or fluid lubrication regime. The

remaining carbon of the diamond blend undergoes adhesive

interaction with the new surface of the friction pair, with

high temperatures arising upon friction.

The chemically reactive components, first of all carbon,

present in the lubricant saturate the friction pair surface

with atomic carbon. Thus, austenite and martensite struc-

tures or white spots are formed on the surface layer. This is

accompanied by a decrease in the friction coefficient

because of decreasing adhesion and specific surface energy.

Ivanov 169 studied the friction pair consisting of steel

ShKh15 (GOST 801) and steel 45 (GOST 8509-86) in the

presence of the I-40A lubricant containing

0.08 mass%± 0.48 mass% diamond blend manufactured

by the SCTB Technolog, composed of 56 mass % nano-

diamonds and 44 mass% graphite/graphene carbon. The

authors showed that the DB content of not more than

0.1 mass% is the maximum effective concentration for

tribocoupling. An excess over this concentration does not

affect friction parameters of this contact pair. It was shown

that at a moderate pressure on the contact pair, the nano-

diamond crystallites in the oil composition act as a micro

abrasive component, actually grinding and polishing the

surface. As the pressure on the friction pair increases, the

crystallites of the nanodiamond penetrate into the metal

surface, that is, into surface defects or lower-density areas.

Gradually, this process would give rise to a continuous layer

of diamond nanoparticles. This would first happen to the

friction pair part characterized by higher plasticity. After

the whole surface of this part is coated by nanodiamond

particles, the other part (which was initially harder) would

start to behave similarly to the first part and the surface

impregnation with nanodiamonds would continue. Thus,

actually one gets a diamond ± diamond friction pair instead

of the initial steel ± steel pair; therefore, the friction coef-

ficient decreases and the wear resistance increases.168

However, the use of DB rather than DNDs as the

additive is much more efficient. In this case, both the wear

rate of the friction surface and the friction coefficient

decrease to even a greater extent, while the pressure on the

friction pair can be higher. Indeed, the friction coefficient in
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the contact pairs decreases by 25%± 35%, wear resistance

increases 2.1 ± 2.6-fold and the noise during friction

decreases. Due to their clear-cut structuring impact on any

systems, nanodiamonds both in the pure state and in the

blend also efficiently operate in greases, where they partic-

ipate in the formation of a structural framework. Here a

similar effect is observed: the addition of the blend induces a

25%± 35% decrease in the friction coefficient and a

1.4 ± 3.1-fold increase in the wear resistance of contact

pairs; this enables operation at higher pressures.

Good prospects are offered by modification of nano-

diamonds by complex lanthanide sulfonates to give stable

dispersions in oils. The new DND±La complexes may be

considered as environmentally benign anticorrosion addi-

tives and, of course, may decrease the friction coefficient.169

A new method was elaborated for the preparation of

lanthanide sulfonates for the subsequent grafting to the

nanodiamond surface in order to produce stable oil suspen-

sions. It was shown that the addition of complexes grafted

to the nanodiamond surface not only gives a stable suspen-

sion, but also efficiently decreases the friction coefficient of

the contact pair. A more complex composite material

consisting of nanodispersed polytetrafluoroethylene

(NPTFE) and nanodiamonds with lanthanum ±magnesium

complexes deposited on the surface was studied as an

antifriction oil additive. High efficiency of this additive

was shown, in particular, for two-stroke engine cylinders

and pistons.

The base oil used for the above compositions was I-12A

or I-20A oil (GOST 20779-75). The additive concentration

in the oil was always 2%. It was found that a considerable

increase in the seizure load up to 5.0 kN is caused by

introducing lanthanum magnesium sulfonate to oil. The

addition of NPTFE to the composition changes the friction

mechanism of contact pairs.

Thus, a considerable decrease in the friction coefficient

down to 0.011 and retention of this level throughout the

tribological tests was found for the composition containing

0.026 mass% nanodiamond together with NPTFE in the

I-12A industrial oil. The coefficient of friction for the same

composition without the nanodiamond additive increased

almost 4-fold. This naturally affected the temperature in the

contact zone of friction pairs: when the composition with-

out nanodiamonds was used, the temperature was 2 times

higher than in the case of the nanodiamond-containing

composition.

Full-scale tests confirmed the obtained results: when the

DND additive was used together with NPTFE, the max-

imum crankshaft speed increased, while the engine temper-

ature decreased. It was shown that nanodiamonds used in

combination with NPTFE give suspensions stable for up to

12 months. In view of the pronounced and poorly reversible

aggregation of dry diamond nanoparticles, aqueous suspen-

sions of nanodiamonds should be used to prepare these

compositions. It was shown 169 that the preparation of oil

compositions that induce the highest seizure load requires

the addition of La/Mg complexes to DNDs, while for

decreasing the friction coefficient, it is more appropriate to

use the DND+La/Mg+NPTFE additive.

The foregoing provides the following conclusions:

Ð diamond blend and nanodiamond additives can gen-

erate a new (juvenile) friction surface in the contact pairs by

means of nanodiamonds that penetrated into the surface;

this, in turn, leads to decreasing wear and friction and

increasing pressure of seizure. The friction coefficient

decreases by 25%± 35%, the service life of contact parts

increases 4 ± 4.5-fold, the wear of contact parts decreases

1.473.1-fold, and load on the contact pairs may be

increased by a factor of *4.1;

Ð nanodiamonds modified by lanthanide derivatives

form dispersions in industrial oils stable for up to a year;

the friction coefficient in contact parts decreases to 0.011;

Ð the recommended amount of diamond blend that

should be added to oil is 0.03 mass% to 0.55 mass%,

depending on the operating conditions.

4.7. Catalysts based on detonation nanodiamonds
Veretennikov et al.170 studied the effect of catalytic amounts

of DNDs, the reaction temperature and the intensity of

stirring on the ratio of the ortho and para isomers of

mononitrotoluene in the products of toluene nitration with

a sulfuric and nitric acid mixture. The introduction of

DNDs results in a significant decrease in this ratio in

mononitration products compared with conventional nitra-

tion over the whole temperature range.

Like other carbon nanomaterials, DNDs are of interest

as catalysts and active phase supports, in particular, for

platinum group metals. Metal catalysts supported on DND

particles are obtained by various methods, for example, by

chemical reduction of salts added to an aqueous suspension

of DNDs, electrophoresis of metal nanoparticles or direct

electrochemical reduction of metal ions on the DND par-

ticle surface.171 High-performance catalysts for the oxida-

tion of methanol in fuel cells were obtained and studied.

Highly sensitive sensors for determination of CO in the

atmosphere were manufactured using DND particles coated

by a platinum layer. The sensor operation is based on the

oxidation of carbon monoxide to carbon dioxide according

to the fuel cell principle, which does not require additional

power supply.171

The DND7Pd complexes exhibit a very high catalytic

activity towards hydrogenation of unsaturated hydrocar-

bons, which makes it possible to carry out the reaction even

at room temperature.172

4.8. Polycrystalline materials made of nanodiamonds
The use of high pressures and temperatures for the for-

mation of nanostructures in diamond-based polycrystalline

superhard materials is associated with the possibility of

consolidation of the initial nanopowders under these con-

ditions.

Studies of polycrystals obtained by sintering of DND

powder at high pressure (4.5 and 8 GPa) and high temper-

ature (1000 ± 2300 8C) were reported.173, 174 It was shown

that sintering is accompanied by structural rearrangements

that are typical of sintering of dispersed powders with a

two(or more)-level initial substructure, that is,

grains? aggregates I? aggregates II. The sintering takes

place first in the bulk of aggregates I and then between

these aggregates, i.e., in the bulk of aggregates II. When the

pressure is 8 GPa and the temperature is 1500 8C, the

proportion of aggregates II is 20%. The consolidation of

DND particles is accompanied by the diamond? graphite

phase transition, which starts at *1000 8C.
The synthesis of polycrystalline materials from DNDs

was carried out in a high-pressure apparatus (HPA).174 As a

rule, the high-pressure cell is charged by a conventional

procedure in air. If no measures are taken to reduce the

amount of gases adsorded by the developed surface of the

powders during charging, sintering of diamond crystals at
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high temperature is deteriorated, because they chemically

react with gases (first of all, oxygen), which are desorbed

under these conditions from the surface of diamond par-

ticles and are located in the pores.

It was shown 175 that the kinetics of compaction of the

diamond powder under the action of high pressure and

temperature can be described in terms of the simple model

of viscoplastic medium.

The major obstacle to increasing the density of poly-

crystals produced from DNDs that were prepared for

sintering by degassing and vacuum thermal treatment of

the particle surface with sealing of the HPA operating

volume is the structure of pores between the single crystals

formed by agglomerates of initial diamond nanoparticles.176

This gives rise to the counteraction of capillary forces to the

forces arising due to external pressure. In the absence of

chemical reactions between oxygen and the diamond, the

backpressure, which arises due to the presence of air in the

pores, insignificantly decreases the density of polycrystals in

comparison with graphitization of diamond nanoparticles

caused by the above-mentioned reactions. The gas back-

pressure is much lower than the Laplace pressure, which

appears in the pores formed by recrystallized agglomerates

of the initial diamond nanoparticles. One way of enhancing

physicomechanical properties of sintered polycrystals is to

considerably increase the operating pressure in the HPA.

Without increasing the HPA pressure, the only method

for improving the physicomechanical properties of poly-

crystalline materials obtained by sintering DND powders is

to search for additives that would promote the formation of

the required composite structure. First of all, these are

additives that form chemical compounds with carbon dur-

ing sintering and thus fasten the diamond particles. The

addition of tungsten or tungsten oxide activates sintering of

the DND powder in a high-temperature region.177

A study of the oxidation kinetics of diamond nano-

powder demonstrated that in the presence of tungsten, the

rate of this process decreases,178 because of chemical mod-

ification of the diamond nanoparticle surface by tungsten to

give W7O and W7C bonds, which were identified by IR

spectroscopy.179 In a study of the phase composition of the

composite samples obtained by high-pressure sintering of a

hydrogen-reduced mixture of a DND powder with a WO3

nanopowder, it was shown that the composite contains the

carbide WC and the oxide WO3 . Tungsten carbide is

formed both upon direct reactions between diamond and

tungsten and upon reactions in the W7C7O system.

Calculations showed 179, 180 that the introduction of tung-

sten into the considered system at high pressure markedly

decreases the Gibbs free energy as a result of reactions of

carbon dioxide and carbon monoxide with tungsten. The

reactions afford solid-phase WC and WO3 , i.e., tungsten

binds the gaseous products of diamond oxidation, thus

retarding (or suppressing) its graphitization.

Bochecka et al.174 investigated the thermal stability of

DND±WC composite samples. The thermal stability coef-

ficient of these samples is 0.86, which is classified as high

thermal stability.181

Further improvement of the synthesis of the diamond ±

tungsten carbide nanocomposite consisted in the use of

tungsten nanopowder prepared by electric spark dispersion

of tungsten electrodes.182 As a result, the fracture toughness

of the composite increased to 7.0 MPa m1/2.

Testing of the working parts of tools manufactured from

the developed diamond ± tungsten carbide nanocomposite

showed good applibility of this material for the finish

turning of non-ferrous metals.183 ± 185

4.9. Modified detonation nanodiamonds
for biomedical applications
The interest of researchers in the use of DNDs for biological

and medical applications has increased in recent years.117

This is caused by the optimal combination of physicochem-

ical and biopharmaceutical properties of DNDs: they pos-

sess no carcinogenic or mutagenic action and they are non-

toxic and biocompatible. Presumably, DNDs could become

a perfect platform for the development of targeted drug

delivery systems.

The possible biological applications of new copper

composites with DNDs were considered in a patent.135 In

view of the enhanced oxidation of these materials, they were

proposed as anti-biofouling coatings for marine facilities.

The basics of application of copper(I) oxide is rather simple:

Cu2O particles inserted into the coating material repel

marine organisms.

The problem is that Cu2O particles are washed away

with water; this causes a new attack of the fresh surface with

a marine organism up to new Cu2O particles, and this cycle

is continuously repeated. This brings about the necessity of

applying the coating once again after 1 ± 2 years. The new

composite material is not brittle and is not degraded by

water; therefore, water can hardly affect it. Thus, the service

life of the coating is substantially extended.

The development of systems for targeted delivery of

biologically active and medicinal substances is a relevant
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challenge of nanomedicine. Among various sorts of nano-

carbon, nanodiamonds are most promising as platforms for

the design of such systems. The advantages of DNDs are

caused by the considerable quantity and possible specific

transformations of functional groups. The applications

proposed for DNDs include the development of bio-

markers, biosensors, potent adsorbents, etc.

A series of studies performed at the M.V.Lomonosov

Moscow State University and the Ryazan State Medical

University named after Academician I.P.Pavlov resulted in

the production and investigation of drug delivery systems

based on the nanodiamond platform for the delivery of

glycine (central neurotransmitter) and cysteine (drug for the

treatment of cataract).78, 102, 108, 186, 187 A number of conju-

gates were patented.1887197 The conditions for grafting of

these compounds are depicted in Scheme 2.

The advantages of covalent attachment of biological

macromolecules to the DND surface are obvious: the

product has a higher stability, which is provided by strong

covalent bonds rather than electrostatic interaction. How-

ever, noncovalent modification, that is, adsorption of par-

ticular molecules on the surface, also has benefits in some

cases, for example, for the design of targeted drug delivery

systems.

Using covalent and noncovalent binding methods, the

DND surface can be modified by both small mole-

cules 101, 113 and biological polymers: proteins and nucleic

acids. The biological and medical applications of DNDs,

like those of other materials, mainly include the following

purposes:

Ð as auxiliary materials in the laboratory and medical

practice, i.e., without contact with biological objects, as

external sensors, chips, etc.;

Ð for direct contact with biological objects; in this case,

there are two possible options:

in vitro as intracellular probes, labels, etc.; and

in vivo as therapeutic agents, carriers of targeted drug

delivery systems, diagnostic agents, etc.

4.9.1. Nanodiamonds as fluorescent labels

The importance of development of new types of fluorescent

markers for biology and medicine is due to the fact that the

widely used indicators based on fluorescent dyes have a

number of drawbacks, in particular, they are largely

affected by solution acidity and are also, photo-unstable

and toxic for living systems.

The use of DNDs as labels for biological systems offers

obvious advantages.198 The size of the nanodiamond cores

of primary particles provides a highly developed polyfunc-

tional surface of the material. The very high fluorescence of

DNDs makes them suitable for biomedical diagnostic

purposes as optical markers.198, 199 Usually, biomedical

experiments on luminescent DNDs make use of highly

efficient luminescence of NV centres and intense broad-

band fluorescence, presumably, associated with structural

defects of the DND surface. In particular, targeted fabrica-

tion of `carbon dots', that is, fullerene-like structures of

*1 nm size on DND surface, through diamond blend

oxidation enhanced the broad-band fluorescence more

than 20-fold.200

It was shown that DND particles represent a platform

for multifunctional markers with different approaches to

particle detection. Apart from fluorescence, Raman light

scattering in diamond is used to detect DND particles in

biological specimens. High-contrast images of nanodia-

monds in cells were obtained by time-delayed fluorescence

detection of DNDs.201 The fact is that fluorescence lifetime

of the NV centres (*20 nm) is an order of magnitude

longer than the cell intrinsic fluorescence lifetime.

Nanodiamonds containing NV centers possess strong

fluorescence, which is quite sufficient for monitoring a

single particle in a cell. Furthermore, fluorescence persists

for 300 s, whereas for common organic dyes this time is

*10 s.198 The first advantage of nanodiamonds as fluores-

cent probes is that they emit light in the red region

(575 ± 750 nm). This makes it possible to operate beyond

the intrinsic fluorescence region of cells (300 ± 500 nm).

Second, these emitters are photo-stable.199

Fluorescence of nanodiamonds may also be due to the

presence of silicon vacancy (SiV) complexes.201, 202 Data on

the synthesis of *1.6 nm nanodiamonds (*400 carbon

atoms) with stable photoluminescent centres based on SiV

complexes were reported.117, 202, 203 Each nanocrystallite can

include one or several centres of this type, with fluorescence

being stable with time. Nanodiamonds can be used as

contrast agents for magnetic resonance imaging. For this

purpose, a residue capable of chelating the Gd3+ ion 204 is

attached to nanodiamonds (4 ± 5 nm). A more complex

procedure of synthesizing the gadolinium-containing con-

trast was discussed in the literature.205, 206

Meanwhile, radioactive labelling has always been the

most convenient and sensitive method for monitoring a

substance in the body. Girard et al.207 described the syn-

thesis of tritium-labelled DNDs. The authors showed that

some of tritium (up to 7%) diffuses into DND particles;

therefore, surface functionalization does not affect the

label. This method is suitable for preparing up to several

hundred milligrams of DND-based labels and can be used

to trace the distribution of nanodiamonds in various tissues

of the body.

The successful use of any material for biological and

medical purposes is determined by their two properties: lack

of toxicity and biocompatibility. Detonation nanodiamonds

can be employed in any in vitro system, in particular, for the

delivery of substances into cells and for the design of

diagnostic systems. Before the problems of DND metabo-

lism or excretion from the body are solved, it is already

possible to use them in composites for external application.

4.9.2. Nanodiamonds for drug delivery

The relative ease of penetration of nanodiamond particles

into cells has become the base for the development of DND-

based drug delivery methods. One more important factor is

that a DND-immobilized compound (via covalent or other

type of bond), even a very complex one (such as proteins

and enzymes), retains the natural activity almost com-

pletely.108, 141 Non-covalent attachment is used most often;

this facilitates the release of the active component near the

target. For example, DNDs form adducts with the anti-

cancer drug doxorubicin via ionic bonds.208 This process is

reversible and can be controlled by the concentration of Cl7

ions. It was shown experimentally that binding to DNDs

promotes penetration of doxorubicin into mouse macro-

phages and tumour cells. In the authors' opinion, this

composite could be used for drug delivery to colorectal

carcinoma cells.

An eye is a fairly isolated system in the body; therefore,

treatment of eye disorders requires, most often, systemic

administration of large doses of pharmaceuticals, which

may cause adverse effects. The topical administration of
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drugs as eye drops or drug-loaded contact lenses usually

produces only a short-term effect due to washing out of the

drug. In these cases, it is appropriate to use depot forms,

e.g., those based on a nanogel prepared by cross-linking of

polyethyleneimine-coated nanodiamonds and partly N-ace-

tylated chitosan in the presence of timolol maleate.209 This

gel is applied as a constituent for the fabrication of contact

lenses, from which the drug is washed out under the action

of lysozyme contained in the lacrimal fluid, as the chito-

san ± nanodiamond matrix is being degraded. It was shown

that nanodiamonds can serve as a platform for nonviral

vectors in gene delivery systems using basic peptide (such as

Arg8, Lys8, His8) residues at the end of polyglycerol

chains.209 The use of this approach with the addition of

doxorubicin at the last stage resulted in the development of

targeted drug delivery systems for anticancer drugs.210

Nanodiamonds were employed as adsorbents in experi-

ments on the development of a bone tissue regeneration

system based on the bone morphogenetic protein.211 A drug

delivery system comprising a composite with a fluorescent

nanodiamond core and a porous silica shell was pro-

posed.212 The thickness of the porous layer can be varied

during the synthesis, which makes it possible to control the

nanoparticle size. Using this composite, it is possible to

monitor the drug delivery process by recording a stable

fluorescence image of DND distribution in the cell. Hence,

this composite can be classified as a theranostic, that is, a

carrier functioning simultaneously for therapeutic and diag-

nostic purposes.

4.9.3. Imaging of nanodiamonds

The key methods for imaging of DND particles suitable for

both in vitro and in vivo experiments include the follow-

ing:104, 108

Ð tritium labelling;

Ð covalent binding of a radiocontrast agent, triiodo-

benzyl alcohol;

Ð formation of a luminescent label on the nanodia-

mond surface as a result of oxidation.

The replacement of protium in the C7H groups on the

nanodiamond surface by tritium does not change the

particle structure and does not affect the reactivity of the

surface. Yakovlev 108 reported the results of DND± [3H]

biodistribution in the body of laboratory animals. The

experiment that lasted for 6 months established the regu-

larities of nanodiamond accumulation and excretion. As an

example, Fig. 12 shows the data on DND± [3H] distribution

in a rat body upon intravenous administration. The highest

amount of the nanodiamonds is accumulated in the lungs; it

is 10 times higher than the amounts located in other organs.

The author 108 studied the effect of the nature of drug

substances (glycine and amikacin) covalently grafted to the

nanodiamond surface on the dynamics of penetration of the

obtained conjugates into HeLa cells (Table 9).

DND conjugates with inorganic pyrophosphatase

(PPase) were obtained 186, 213 by covalent grafting to the

aminated nanodiamond. The greatest amounts of the

enzyme in the samples were 0.80� 0.05 and 0.60� 0.02 mg

of PPase per mg of DND7NH2 and

DND7NH(CH2)6NH2, respectively. The catalytic activity

of the resulting PPase-containing samples was, on average,

higher than that for non-covalent immobilization. It is
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worth noting that the activity of covalently grafted PPase is

better retained in the presence of a linker: up to 65% of the

enzyme activity was retained when DND7NH2 was used

and up to 95% was retained in the case of

DND7NH(CH2)6NH2.

4.9.4. Specific in vivo activity of DND± glycine conjugate

Studies of the pharmacological action of the DND± glycine

conjugate 56, 108, 193 demonstrated that the conjugate, unlike

pure glycine, exhibits a potent anxiolytic effect, which does

not decrease over a period of 24 h.193, 214 The conjugate of

glycine and DNDs surpasses glycine in the antidepressant

effect, providing statistically significant increase in the life

span of test animals.195

The most severe consequence of blood vessel diseases is

hemorrhagic stroke, which may occur irrespective of age.

The glycine ± nanodiamond conjugate in a dose of

4 mg kg71 has an anti-stroke effect and decreases the

mortality of animals from 70% to 40%.214 The frequency

of severe complications of the hemorrhagic stroke decreases

by more than 80%.214

The tests showed that daily intraperitoneal administra-

tion of the DND± glycine conjugate in a dose of 4 mg kg71

for a week after a stroke has a clearly defined therapeutic

action: the mortality of animals after a stroke decreases. 214

5. Conclusion

This review of the state-of-the-art studies in the field of

detonation nanodiamonds reflects the achievements made

in the theory and practice of detonation synthesis. Studies

on the theoretical issues of detonation synthesis aimed at

gaining more in-depth knowledge on the mechanism of

DND formation are in progress. It was shown that carbon

nanoparticles are formed directly behind the detonation

wave front and that their growth stops after 3 ± 4 ms far

beyond the Chapman ± Jouguet plane. The thermochemical

calculations showed that complete degradation of the orig-

inal explosive requires much more energy than is released

upon detonation of these compounds. The nucleation and

subsequent growth of nanodiamond particles occur via

chemical reactions. The C2
.
dimer radical is, most likely,

the initial species for the formation of DNDs. The adaman-

tyl radical may be the parent structure for DNDs. The

growth of DND particles stops (48 nm) due to disruption

of long-range order and accumulation of defects in the

crystallite structure and due to exhaustion of the radicals

during particle growth in post-detonation processes.

The explosive charges with optimal nature and oxygen

balance as well as with optimal composition, specific power

and density were identified for the synthesis of nanodia-

monds. The highest yields of DNDs can be obtained by

using tetryl (extracted from ammunition), TNT ±RDX

mixtures (50 : 50 and 40 : 60 TH) or binary and ternary

tetryl-based charges. Analysis of the influence of composi-

tion of the explosive charge shell and the heat capacity of

the gas medium in the explosion chamber on the result of

detonation showed that the DND yield and purity can be

controlled by introducing reducing agents into the charge

armour (aqueous solutions of urotropin, urea and hydra-

zine are compounds of choice).

A new highly economical and environmentally safe

process was developed for the chemical purification of

DND by treatment with the dilute HNO3 with addition of

NH4NO3 at 200 ± 260 8C. During this process, not only are

non-diamond carbon species completely oxidized, but also

inorganic impurities present in DB are almost completely

dissolved; the corrosion of equipment is virtually absent and

only nitrogen gas is released.

Under optimized synthesis and purification conditions,

boron-, phosphorus- and aluminium-doped DNDs were

synthesized for the first time. Doping of DNDs results in

considerable changes in the EPR spectral parameters: the

hyperfine structure typical of point defects in crystals is

recorded; the concentration of paramagnetic centres

decreases; the dispersion of magnetic susceptibility depends

on the sort of doping atom. The non-monotonic change in

the cavity frequency on passing through resonance, which is

observed only in nanostructured systems, was detected for

the first time. Currently, DNDs have been recognized as

highly promising materials for the design of single-photon

emitters. The applicability of DNDs as efficient continuous

slow neutron reflectors with high albedo was demonstrated.

New materials based on DNDs were developed and their

performance characteristics were described. These materials

are DND7CNT composites, new electrochemical coatings,

bulk metal ± nanodiamond composites, polymer composites

(in particular, those containing DB) and efficient antifric-

tion oil compositions. The use of doped DNDs for electro-

plating of chromium, nickel, zinc, silver and gold produces

more uniform and less porous coatings with enhanced

operational characteristics such as microhardness, wear

resistance and corrosion resistance. The DND addition

affects oxidized aluminium in a similar way. The synthesis

of metal ± nanodiamond composites was developed. The

obtained composites based on copper, nickel and alumi-

nium showed almost no adhesion between the material

being processed and the processing tool.

Numerous studies deal with the application of DNDs in

non-traditional areas. DNDs were shown to be efficient in

catalysis as both catalysts and supports for industrially

important processes: conversion of aliphatic alcohols, tol-

uene nitration, hydrogenation of unsaturated hydrocar-

bons, methanol and carbon monoxide oxidation,

hydrodechlorination of organic compounds, etc. Catalysts

based on DNDs are highly active and selective.

Considerable advances were made in biomedical appli-

cations of DNDs. Currently, a variety of these applications

have been proposed such as the design of biomarkers,

biosensors, highly efficient adsorbents, coatings for surgical

tools, cosmetic compositions, anti-UV creams and additives

to dental materials. An efficient copper ± nanodiamond

composite for anti-biofouling coatings of marine facilities

was developed. New chitosan/bacterial cellulose/DND com-

posite films were proposed, suitable for the manufacture of

medical dressing materials, including those providing the

transdermal drug delivery.

Methods for imaging of DND particles (tritium label-

ling, introduction of radiocontrast agents, oxidation) suit-

Table 9. Effect of the nature of immobilized drug on the dynamics of
DND penetration into HeLa cells on incubation for 24 h.108

Sample Percentage of cells with DND (%) during incubation

15 min 2 h 4 h 24 h

Pristine DND 38.9 85.7 90.2 88.7

DND±glycine 2.9 3.9 6.9 70.7

DND±amikacin 3.8 44.8 45.3 87.3
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able for in vitro and in vivo experiments were developed. It

was found that DNDs penetrate into cells, where they are

not surrounded by a membrane, freely occur in the cyto-

plasm and do not get into the nucleus or mitochondria. The

DND distribution among organs of animals upon intra-

venous administration was studied. The greatest amount of

DNDs is accumulated in lungs; this is an order of magni-

tude higher than the amounts of nanodiamonds in all other

organs. This implies that new DND-based dosage forms

could be developed for the treatment of severe lung diseases

such as tuberculosis and COVID-19.

Using chemical modification of DNDs, new materials

combining the properties of the carbon matrix and the

grafted compound were elaborated. The DND± glycine

conjugate was found to change the intensity and spectrum

of the specific drug activity upon immobilization on the

diamond nanoparticle; the action of the conjugate was

found to exceed the action of glycine, even when used in a

lower dose, and, in some cases, there appears a new type of

pharmacological activity that is not inherent in native

glycine. The DND± glycine conjugate in a dose of

4 mg kg71 possesses a clear-cut anti-stroke effect (against

hemorrhagic stroke): the survival rate of animals increases

from 7% to 40% in the presence of the conjugate, while the

frequency of severe complications in survivals decreases by

more than 80%.

It seems that in the near future, it would be most

important to continue studies on the use of DNDs in

medicine, polymer ± diamond systems, electroplating and

in fuel compositions for various purposes.
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