A’ , Aaltn Unl'JErElt'j'
chool of Electrical
ieering

Mikael Sievanen

Agglomeration of nanodiamonds during deposition

Thesis submitted for examination for the degree of Master of
Science in Technology.

Espoo 27.09.2017
Thesis supervisor: Prof. Tomi Laurila
Thesis advisor: D.Sc (Tech.) Sami Sainio



~hool of Electrical AALTO
Engineering www.aalto.fi
Diplomityon tiivistelma

A, , Aaltn University Aalto University, P.O. BOX 11000, 00076

Tekija Mikael Sievianen

Tyon nimi Nanotimanttien agglomeraatio pinnoituksessa

Koulutusohjelma Life science technologies

Paa-/sivuaine Biosensing and bioelectronics / Sovel- Koodi ELEC3045
tava materiaalitiede

Tyon valvoja Professori Tomi Laurila

Tyon ohjaaja(t) TKT Sami Sainio

Paivamaara 27.09.2017 Sivumaara 7 + 74 Kieli Englanti

Tiivistelma

Nanotimantilla on erinomaisen hyviat mekaaniset-, sihkoiset- ja optiset ominaisuudet,
joten niiden kayttod monissa sovelluksissa on yritetty. Nanotimanttien kasautuminen
paakuiksi on kuitenkin yleinen ongelma, joka vaikeuttaa nanotimanttien kiytt6a esimer-
kiksi ladketieteen sovelluksissa, ladkeaineiden kuljetuksessa, anturi- ja implanttipinnoit-
teena sekd nanoelektroniikassa. Tdma diplomityo kay lapi nanotimantteihin ja niiden
paakkuuntumiseen liittyvaa kirjallisuutta. Nanotimantit muodostavat sitkeita kasoja, ja
yksittdisid nanotimantteja on vaikeaa saada muodostumaan ilman mekaanista paakkujen
hajottamista ennen liuotusta. Kirjallisuuden perusteella voidaan todeta, etti tilla hetkella
kaytetyimmait menetelmit nanotimanttipaakkujen irrottamiseksi ovat media milling-
sekd beads-assisted sonic disintegration (BASD) -tekniikat. Ndissd menetelmissa pienet
zirkoniumoksidi kuulat liikkuvat liuoksessa ja mekaanisesti hajottavat nanotimanttipaak-
kuja. Nididen tekniikoiden ongelmaksi muodostuu nanotimanttien saastuminen zir-
koniumilla, jota on vaikea poistaa timanteista. Tdima hankaloittaa myos nanotimanttien
kayttod sovelluksissa. Tassé tutkimuksessa tehdyissa laboratoriokokeissa havaittiin, etta
kaytetyista liuottimista nanotimanttien liuottamiseen parhaiten sopivat etyleeniglykoli ja
dimetyylisulfoksidi (DMSO). Nanotimanttipaakkujen koko néissa liuottimissa oli selvisti
pienempi kuin muissa yleisesti kiytetyissa liuottimissa kuten etanoli ja DI vesi. Tama so-
pii hyvin yhteen kirjallisuudesta 16ytyneen tiedon kanssa.

Avainsanat Nanotimantti, Paakkuuntuminen, Hajottaminen, Bioyhteensopivuus, Liu-
otin
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Abstract

As nanodiamond (ND) has excellent mechanical, electrical and optical properties, their
use in different biomedical applications is desired. However, nanodiamond agglomera-
tion is a common issue, that is causing problems when trying to use NDs in biomedical
applications, carriers in drug delivery, coating for sensor or implant materials or in nano-
electronics. This thesis goes through literature related to NDs and especially their agglom-
eration. NDs form resilient aggregates and single-digit NDs can’t be produced without
proper deagglomeration before dispersion in solvent. According to literature, it can be
stated that most common methods used in mechanical deagglomeration of NDs are media
milling and beads-assisted sonic disintegrating (BASD). These techniques use small zir-
conium oxide balls that break ND agglomerates by colliding with them in media. The
problem with these methods is that they cause zirconium contamination in ND particles.
Zirconium is difficult to remove from NDs and contamination makes it harder to use NDs
in applications. Laboratory experiments performed in this research indicate that ethylene
glycol and dimethyl sulfoxide (DMSQO) were most suitable solvents for NDs. Size of ND
agglomerates were smaller in these solvents than in other commonly used ND solvents
tested, such as DI water and ethanol. This observation is in line with information found
in ND related literature.

Keywords Nanodiamond, Agglomeration, Biocompatibility, Dispersion, Solvent
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Symbols and abbreviations

BASD = Beads-assisted sonic disintegrating
CDD-ND = Carbon-dots-decorated nanodiamond
CVD = Chemical vapor deposition

DI = Deionized

DMSO = Dimethyl sulfoxide

DND = Detonation nanodiamond

FTIR = Fourier Transform Infrared spectroscopy
HPHT = High pressure high temperature

ND = Nanodiamond

OLC = Onion like carbon

SEM = Scanning electron microscopy

SYP-ND = Synthetic monocrystalline nanodiamond
TNT = Trinitrotoluene

XANES = X-ray Absorption Near-Edge Structure Spectroscopy
{=Zeta

vii



1 Introduction

Nanodiamond is a carbon-based nanomaterial that belongs into the group of nanocarbons
currently available in commercial scale (1). These small diamonds have excellent mechani-
cal properties, however, the agglomeration of these particles into clusters (20 nm — 30 um)
prevents their use in variety of applications that require single-digit nanodiamonds, such as
biomedical applications and drug delivery. (2) (3) (4) Therefore, the potential of this prom-
ising material has not yet been fully discovered by many application manufacturers in the
field of biomedical technology. (5). Even though agglomeration might be helpful in some
ND applications (such as lubricants) but in biomedical applications, agglomeration of NDs
is an undesired functionality. Especially when NDs are in interaction with human cells there
is a specific need for them to be biocompatible and they should not form unwanted agglom-
erates in any circumstances.

This Master’s thesis studies the reasons and consequences of nanodiamond agglomeration.
Goal of the research is to find the most effective methods to minimize ND agglomeration
during deposition. Majority of the work is done by studying ND related literature. In addi-
tion, there is an experimental section that covers a laboratory study of most typical ND sol-
vents and their agglomeration after deposition on a silicon surface. The focus of literature
survey is concentrated on ND agglomeration in solvents and different methods to minimize
the size of aggregates. The aim of the experiments is to find out a proper solvent that could
be used to deposit a smooth layer of detonation nanodiamonds (DND) on a surface of the
sample with minimum agglomeration. Deposition of NDs is done with spin-coating tech-
nique. Scanning electron microscopy (SEM) imaging is used to obtain micrographs of sur-
faces in nanometer scale. Because nanodiamonds are dissolved in different solvents before
deposition to a silicon chip, hypothesis is, that there are clear visually observable differences.
This thesis tests the best practices available from literature and further validates them.

A single detonation nanodiamond has a very small particle size of 4-6 nm and a high surface
area to volume ratio (1). When diamond particles are getting smaller in size the importance
of their surface chemistry is increased. The modifications on a ND surface chemistry have a
huge impact on the properties of the material. (6) The problem in current ND research is that
studies can’t be easily compared because of different parameters in ND production. In nu-
merous studies the production parameters of NDs are not clearly presented and therefore
comparison to other similar studies is difficult. It must be noted that all commercial nanodi-
amonds created by a different vendor are a bit different and always related to conditions they
were created and purified in. Methods used in synthesis, post-synthesis and modification
affect the surface chemistry of nanodiamonds, and therefore, also the applications they can
be used in. (1) Because of surface versatility of the ND there is no universal model created
that could describe the behavior of all different types of functionalized nanodiamonds. How-
ever, the tendency to agglomerate is common to all NDs. Agglomeration can be controlled
with the help of surface modifications, fractionation and different deagglomeration methods,
that will be discussed later in this thesis. Agglomeration is always closely related to the
surface chemistry of NDs and due to this fact, it would be more convenient if all publications
made in the field of NDs could clearly inform what type of nanodiamond was used in the
study. (7)

In this study the focus is on detonation nanodiamonds because of their price and availability
(8). For example, NDs produced with high-pressure, high-temperature (HPHT) method with
an average particle size of 25 nm costs approximately $75/gram. However, well purified
polydispersed DND powder costs only about $1-2/gram (with 200 nm average aggregate
size) and suspensions of completely deaggregated 5 nm DND are currently priced around



$40/gram (9). Another reason for choosing DNDs for this study is their well-known tendency
to agglomerate. The DNDs used in experimental section are hydrogen terminated DNDs.

ND applications have huge potential in the future, especially in the field of biomedical tech-
nology. Many biomedical applications can use nanodiamonds when their biocompatibility
is fully tested and approved. However, the use of NDs in biomedical applications requires
precise control of particle agglomeration. Biolabeling and bioimaging applications are pos-
sible because of NDs rich surface chemistry and fluorescence ability. There are also specu-
lations of using NDs in biosensors, nanoelectromechanical systems (NEMS), tissue engi-
neering and nanomedicine (8). Because of their unique mechanical properties, nanodia-
monds are already used as components in lubricants, coatings and composites (10) (11) (12).



2 Nanodiamond fabrication

There are currently few major types of NDs commercially available that can be considered
to be used in specific applications. These previously mentioned ND types are DND, high-
pressure, high-temperature (HPHT) ND and chemical vapor deposition (CVD) ND. They
are all created with different production methods, so they have different structures and sur-
face chemistry, and therefore also different applications. Production methods used include
detonation of carbon-containing explosives (DNDs), grinding of micron-sized dia-
mond powders manufactured by HPHT synthesis in hydraulic presses or with CVD tech-
nique. Major differences between DNDs, HPHT grinded NDs and CVD NDs, are the sizes
of primary particles, purity of the material and the state and content of nitrogen impurities
in the core of the particles. (13) Advantages of DND include the few nanometer size primary
particles and the ability to produce material on an industrial scale in tons quantities annually
(14). Besides, due to the difference in the methods of synthesis, the NDs have distinct mor-
phological differences. The shape and size of NDs produced by detonation can be seen in
Figure 1. ND particles obtained by processing of HPHT synthetic diamond are available
with the smallest average particle size around 10-20 nm. The shape of diamond nanoparti-
cles obtained by milling of natural diamond particles or micron sized HPHT is highly irreg-
ular, these particles have spiky and elongated shapes as can be observed from Figure 2. They
typically have sharp edges like seen in Figure 2 a) when compared to the basic structure of
DND particles that can be seen from Figure 1. Particles are often terminated with {111}
facets like in Figure 2 (b). Particles with a high aspect ratio can be found in Figure 2 (¢). (13)
In general, NDs created with CVD technique are composed of small diamond particles that
are ca. 2-5 nm in size and have non-diamond sp? carbon at the grain boundaries. The CVD
growth is done in argon-rich, hydrogen-poor environment that may contain up to 95-98%
sp> -bonded carbon. (15)

it




Figure 2, TEM images of diamond nanoparticles obtained by ball milling of micron sized HPHT parti-
cles. Residual nondiamond carbon can be seen on the ND particles since it was not purified after mill-
ing. (13)

HPHT NDs contain nitrogen as a natural impurity in the form of substitutional nitrogen (Ns)
with a typical concentration of 100-200 ppm. ND produced by crashing of natural diamond
(Ns concentration up to 3000 ppm) is also possible. (13)

Top-down Bottom-up
ND of Static Synthesis ND of Dynamic Synthesis
High Pressure High Temperature Detonation Nanodiamond

(HPHT) Nanodiamond (DND)

Microdiamond

) milling
‘ A
7-10GPa, 1500-2200:C, B =
Catalyst (Fe, Ni) -
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(substitutional N 100-200ppm) Optically inactive conglomerates)
a) b)

Figure 3, Shapes, sizes and nitrogen content of formed nanodiamonds in a) HPHT synthesis of ND with
top-down technique and b) Detonation synthesis of ND with bottom-up technique (13)



2.1 DND Synthesis

DND was first synthesized in the Soviet Union in 1960s but its commercial production
started in 1980s (1) (17). DNDs can also be called ultradisperse diamonds (UDD) or ultrafine
diamonds (UFD) although these names are rarely used anymore. There is no specific maxi-
mum size for primary DND particles because they depend on the weight of the explosive
charge. Usually most companies produce DND particles with an average size of 3.5 to 6 nm.
(1) However, after DND synthesis these particles are agglomerated into agglutinates and
need to be separated in post-synthesis or modification stage. These agglutinates have irreg-
ular shapes and diameters of ~100-300 nm. (18) This agglomeration is due to the high sur-
face energy of NDs that causes aggressive bonding of atoms on surface. This will be dis-
cussed more in chapter 3.

Detonation nanodiamonds are created by controlled explosion of carbon source in a non-
oxidizing atmosphere. Explosion happens in a closed detonation chamber made of steel, that
is filled with cooling medium. A typical explosive is a mixture of trinitrotoluene (TNT) and
hexogen consisting of C, N, O, and H with a negative oxygen balance, so that there is excess
carbon in the system. Negative oxygen balance is needed to ensure availability of free non-
oxidized carbon for ND formation (13).

There are two major technical requirements for DND synthesis using explosives. First one
is that the composition of the explosives needs to provide the thermodynamic conditions for
formation of diamonds. This means there must be plenty of needed reagents in the detonation
chamber that allow DNDs to form. The second one is that composition of gas atmosphere
must provide the necessary thermal conditions to prevent diamond transformation to graph-
ite. This means that the pressure and temperature should be high enough (P > 10 GPa, T >
3000 K) to enable the formation of NDs but only for a short period of time (19). The power
of the explosion also provides the energy needed for the creation of nanodiamond soot. When
the explosion takes place, detonation shock wave goes through the chamber. The duration
of the detonation shock wave that is propagating in the reaction chamber sets the upper size
limit for the growing ND particles. This is the main reason why DND soot consists of
nanodiamond particles with diameter of 4-6 nm, some impurities and other allotropes of
carbon. The formation of nanodiamond soot happens during these fractions of a microsecond
when the pressure and temperature are high enough. After the pressure drops and when there
is still elevated temperature in reaction chamber, graphitic soot is formed. (20) The diamond
graphitization rate is heavily dependent on the temperature. At a certain temperature, the
graphitization rate decreases to a point where the amount of carbon undergoing the transition
from the diamond to the graphite phase becomes negligible. Then it is typical to say that the
graphitization is ‘frozen’. This temperature can also be referred to as the temperature of
graphitization or diamond phase freezing. (21) Therefore, the cooling rate of the detonation
soot should be no less than 2727 °C /min (1). If the pressure has dropped but temperature is
still high enough to maintain a high mobility of carbon atoms, the diamond graphite phase
transition will be more favorable than if the transition to the region of thermodynamic sta-
bility of graphite occurred at T<Tp. (9) The Debye temperature (Tp) of nanodiamond is 91
°C, however, the Debye characteristic temperature for a bulk single crystal diamond particle
is from 1527 °C to 1969 °C. This means that the bonding between atoms has been greatly
reduced. Also the amplitude where the center for atom shifts the balance of the location is
increased 2.4 times. This will lead to an increased activity of the nanodiamond. Thus, its
surface is still capable of adsorbing impurities. (22)

Figure 4 shows the schematics of the synthetic detonation ND process. If a dry synthesis is
wanted then the cooling medium is usually an inert gas and in the case of wet synthesis, ice



is typically used. The dry synthesis of DND results in smaller primary diamond particles and
smaller average agglomerate sizes as compared to wet DND synthesis. (1)
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Figure 4, schematics of the detonation synthesis process (14)

There are several aspects that have effect on the yield of the process. These are: the explosion
mixture, cooling media, the mass of explosive, the mass of surrounding media and the shape
of the explosive charge. (1) (23) With optimal detonation conditions, the soot can contain 75
wt% of nanodiamond particles. Based on x-ray diffraction analysis, the size distribution
of nanodiamond crystallites ranges between 2 and 10 nm with a sharp peak at 4-5 nm (13).
The size distribution of DND particles is very narrow as the pressure in the reaction chamber
remains high enough only for a really short period of time (less than a microsecond to several
microseconds) (24). However, due to conditions in the blasting chamber a large-scale ag-
glomeration of NDs happens. These conditions include high pressure and high temperature
as already mentioned, and therefore, the formation of cyclohexane molecules (nuclei of the
diamond structure). Collisions between these nuclei cause ND aggregation into small clus-
ters. (19) As produced DNDs form tight aggregates of primary particles that can’t be sepa-
rated by sonication. Tight aggregates formed during synthesis differ from many other types
of nanoparticles that agglomerate due to electrostatic or van der Waals forces when in solu-
tion or during drying from a solution. Electrostatic and van der Waals forces can cause fur-
ther agglomeration of the ND aggregates, even if the aggregates are already disintegrated
(13). Another factor that has a great effect on the aggregation of DNDs during synthesis is
the mass of the explosive and the ratio between masses of the charge and wet cooling media
used (1). The particles are not only connected by electrostatic interactions but also with co-
valent bonds between surface functional groups as well as by soot structures surrounding the
primary particles. Therefore, it has proven to be a challenging task to produce colloidal sys-
tems of primary particles of detonation NDs (24).



2.2 Post-synthesis of DND

In order to separate the recently created nanodiamonds from the detonation soot, purification
with liquids or gases is required. These processes aim to purify the detonation soot from
metallic impurities and non-diamond carbon (1). The purification process is the most com-
plicated and expensive stage of the ND production. (19) The impurities can be located inside
the nanodiamond aggregates or attached to their outer surface. Therefore, the nanodia-
mond agglomerates should be first disintegrated in order to remove the trapped impurities
(13). When considering elemental composition, NDs consist of 90-99% of C, H, O, N (25).
Most typical ND impurities are Fe, Na, Si and Cu atoms as can be seen from Figure 5.

L]

e

Average elements concelbiration,
EEIEE

fur
v

FeWa SiCoCaAl § TECrZn B B Mz KW P PbMo3a Mo Sh Zr VW Ba 5r (b Cd Ei

Figure 5, Average common elements content in tested NDs samples. (25)

Most vendors use wet chemistry approaches to purify ND. While these techniques are still
very common, they do not always provide sufficient purity of ND. In addition, liquid-phase
purification is neither cheap nor environmentally friendly process because it requires expen-
sive corrosion-resistant equipment and costly waste disposal management (23). Usually lig-
uid-phase purification is done by using strong liquid oxidants (such as HNO3, a mixture of
H>S04 and HNO3, K>Cr207 in HoSO4, KOH/KNO3, NaO», HNO3/H20: under pressure, or
HCIOg4) at high temperatures and pressures. HCl is needed when trying to remove noncarbon
impurities to the level of <0.5 wt. %. Alternatively, a more environmentally friendly way to
purify NDs is to oxidize non-diamond carbon by heating NDs in air or ozone-enriched air at
elevated temperatures. (13) However, these dry chemistry approaches, including different
types of oxidation methods, also require the use of either toxic and aggressive substances or
supplementary catalysts which result in additional contamination or a significant loss of the
diamond phase. (23)

The three major processes when creating a commercial DND product are shown in Figure 6.
Currently, there are two distinct stages of alteration of ND surface groups: purification from
nondiamond carbon and targeted modification (1). Purification of ND from sp? carbon is a
necessary step during production of DND; it results in enrichment of its surface with O-
containing groups. After purification process, the ND surface can be additionally modified
according to the intended applications. The purification also creates further aggregation, re-
sulting in purified DND with aggregate sizes of up to a few hundred nanometers (13).
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Figure 6, The basic steps of DND production (1)

Well-purified nanodiamond grains can have a close to perfect crystalline structure with al-
most no fractions of nondiamond carbon. Based on HRTEM observations, detonation ND
particles may acquire the shape of polyhedra or a more spherical shape consisting of a dia-
mond core made up of sp* carbon. The core may be partially coated by a graphitic shell or
amorphous carbon, and dangling bonds on the surface are terminated by functional groups.
Particles with more irregular shape but still with well-defined facets are also often ob-
served. (13)

It is important to remember that surface chemistry of nanodiamonds is always affected when
in interaction with other material. Therefore, even in the purification process it must be noted
that NDs tend to bond with other molecules and agglomerate very easily. The agglomeration
behavior of nanodiamond of different origin varies significantly. While nanoparticles re-
ceived from HPHT or CVD methods show only a moderate tendency towards agglomera-
tion, detonation nanodiamonds usually occur in strongly bound agglomerates if no modifi-
cations are performed. (26) In the detonation soot, ND particles are covered with sp? carbon
shells. It is shown that the shell thickness is thicker when created with dry synthesis. (14)
(19) (20) (22). If NDs did not contain amorphous or fullerenic carbon shells on the surface
and was free of potentially toxic and undesired metal particles incorporated in these shells,
nanodiamonds could be more useful in biomedical applications (23). It has been studied that
oxidation removes the sp? carbon that bridged the diamond particles into clusters (14) (23).
Once sp” carbon or other bridges in ND clusters are removed, dispersion of ND to single
particles becomes possible. Dispersion of strong chemically bonded agglomerates is a major
issue limiting the use of nanodiamonds, and it is determined by our ability to control the
surface chemistry of ND particles (23). Figure 7 shows the soot-like structures creating
nanodiamonds agglomerates.
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Figure 7, a) HRTEM image of pristine detonation ND. The particles are surrounded by graphitic and
soot-like material; b) structure model of the ND agglomerates (24)

2.3 Structure

DNDs have a spherical or oval shape and they are non-abrasive so they do not have sharp
edges as can be seen from Figure 1. Nanodiamonds have a cubic structure and are expected
to have solid lubrication ability (22). The three major low index diamond facets found on
the surfaces of natural and synthetic diamonds are (100), (110), and (111), where (111) and
(100) facets are the most common (13). The surface of NDs is very versatile and can simul-
taneously contain hydride, hydroxyl, carboxyl, ketone, ester, lactone, and other similar
groups. The existence of different functional groups on the surface of NDs gives it the ability
to be modified with desired ions via electrochemical or chemical reduction from aqueous
solutions. The functional groups on the surface of nanodiamonds play an important role in
the properties of the material. (27) Even though nanodiamonds may have different features
because of their surface chemistry, there are still some structural elements all NDs possess:
1) A core that is made of sp® crystalline diamond with a diameter of approximately 4-6

nm. The core includes 70-90 % of all carbon atoms in ND. (1) (14)

2) A 4-10 A thick carbon shell surrounding the core. The thickness and structure of this
shell is affected by the cooling kinetics after DND synthesis. The outer layer can con-
tain 10-30 % of carbon atoms in ND. Currently there are two different models sug-
gested for this carbon shell structure:

a) The core is covered with fullerene-type shell of sp? carbon called ‘Bucky-dia-
mond’. (28)

b) Outer layer of unstructured amorphous carbon with mixture of sp? and sp* hybrid-
ized carbon. (14)

3) The surface is covered by a large number of different functional groups. These groups
are attached because of the highly reactive bonds of the ND surface. The mass of hy-
drogen, oxygen and nitrogen atoms combined may be as large as 10 — 14 % of the total

mass of the particle. Oxygen is usually the main component of the surface groups. (14)
(29)

It is well-known that mechanical impact breaks chemical bonds. In the case of carbon mate-
rials resulting dangling bonds may form surface m-bonds similar than reconstructed surfaces.
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Especially for nanodiamond particles this seems to be reasonable as there are various com-
putational studies on the stability of partially graphitized diamond, the so called bucky-dia-
mond. (24) (28) Bucky diamonds are all carbon core-shell particles that are characterized by
a crystalline diamond sp>-bonded core, encapsulated by a single- or multi-layer sp?>-bonded
fullerenic shell that either partially or fully covers the particle surface. The fullerene-like
shell is formed in the partial graphitization of diamond during detonation synthesis. (9) Fig-
ure 8 demonstrates the basic atomic structure of ND, fullerene and bucky-ball, respectively.

Figure 8, Structures of a) nanodiamond, b) fullerene and c) bucky-ball

Nanodiamonds have many differences when compared to macro sized bulk diamond. One
major difference is the fact that the transition temperature of diamond into graphite is much
lower for ND (something between 900 and 1000 °C), in contrast to bulk diamond for which
the diamond-graphite transition temperature is above 3000 °C (30). (13) At room tempera-
tures and pressures, the most stable form of carbon is graphite while diamond is metastable.
The energy difference between these two phases is small, only 0.02 eV/atom. The phases are
separated by a high-energy barrier (~0.4 eV/atom), so high temperatures and pressures
and/or catalysts are needed to convert graphite to diamond. (13) However, diamond can be
converted into graphite by irradiation with high energy particles or with a laser. At the na-
noscale, the contribution of the surface energy to the Gibbs free energy becomes significant,
and the phase equilibrium between graphite and diamond can be reversed. The research of
Badziag et al. has shown that, for sizes below 3—6 nm, tetrahedral hydrocarbons are more
thermodynamically stable than polyaromatics (31). Basically, that tells us that at the na-
noscale, diamond nanoparticles are more stable than nanographite. Graphite-diamond-liquid
has a triple point and it is approximately at 12 GPa/5000 K as can be seen from Figure 9 (31)
(32) (33).
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Figure 9, Carbon phase diagram, where Diamond-Graphite-Liquid triple point can be seen. (33)

As mentioned earlier, the chemical potential of the heteroatoms or surface groups depend on
the environmental temperature, pressure, and chemical atmosphere (e.g., O2, Hz, H2O, etc.).
These previously mentioned attributes suggest that the functionalization can be controlled
by carefully choosing suitable reaction conditions. The stability of functionalization will be
significantly affected by the particle morphology, i.e., the types of facets on the ND sur-
face, where functional groups are attached. Different groups favor different nanodia-
mond facets depending on the temperature and the environment of the particle, as well as
the size of the nanodiamonds. A single model cannot describe all kinds of nanodia-
monds. Different models should be used depending on the size, shape, and surface chemistry
- parameters controlled by manufacturing and purification methods. (13)
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3 Agglomeration of DND

Agglomeration of nanodiamonds is the main reason why NDs are not used more in some
commercial products yet, e.g. biomedical applications (2) (10). As discussed in chapter 2.1
the size of primary detonation ND particle is from 4 to 6 nm, the primary particles form
tightly and loosely bound aggregates because of their high surface energy (14). The aggre-
gation of nanosized particles into submicron and micron formations is actually very common
phenomena, the most interesting part with ND agglomeration is the strength of the aggre-
gates. The typical polydispersed DND powder solutions bought from vendor usually contain
from 200 to 400 nm average aggregate sizes, which are unbreakable by the traditional ultra-
sonic treatment as mentioned in chapter 2.1. It was demonstrated by NIU et al. that the raw
DNDs are aggregates of primary nanodiamonds connected with amorphous carbon and co-
valent bonds (34). Detonation nanodiamonds have a highly oxidized hydrophilic surface im-
mediately after fabrication. DNDs also have a large specific surface area (300 to 400
m?/gram) and active chemical surface, which can easily cause agglomeration. (1) With re-
cently developed deagglomeration methods such as ball milling and bead-assisted sonication
(both introduced in chapter 5), it is possible to investigate the properties of the primary ND
particles. As better solvents and better dispersion mechanisms are developed it is possible to
find solutions where nanodiamonds do not form clusters. The issues discussed in this chapter
include reasons for agglomeration, surface properties, adsorption, surface modification and
different types of agglomeration.

3.1 Reasons for ND agglomeration

Nanoparticles have a high surface energy and therefore the outer atoms on surface are more
likely to interact with atoms near the surface. Agglomerations is spontaneous for nanodia-
monds because particles tend to lower their surface energy. After chemical purification of
nanodiamonds, particles about a size of few microns are formed because of agglomeration.
(35) Nanodiamond particles in dry powders and suspensions can form more stable primary
and less stable secondary aggregates. A. Krueger et al. have proposed a hierarchical model
for the different types of ND aggregates, subdividing them into agglomerates (20-30 pm),
intermediate aggregates (2-3 um), and core aggregates (100-200 nm) (4). It should be noted
that larger agglomerates and intermediate aggregates are mechanically fragile and can be
disintegrated by mechanical, chemical or ultrasonic impact, but the bonds in core aggregates
are very strong and cannot be broken up easily by any conventional mechanical, sonication,
or surfactant-assisted techniques. (4)

For a long time, it has been considered that there are two types of bonds in the fractal DND
agglomerate. The primary DND agglomerates are associated by covalent bonds, and the sec-
ondary ones are associated by van der Waals forces. It is also suggested that carboxyl groups
(seen in Figure 10a) and iron ions (attached during explosion from the walls in detonation
chamber) are responsible for the symmetry of electron wave functions of interactive carbon
atoms. It has been estimated by Aleksenskiy, Eydelman and Vul that a single 4 nm DND
particle consists of ca 10* carbon atoms and several hundred other atoms, such as carboxyl
groups, that are placed on the single DND particle surface (2). The covalent bonds can ex-
plain the strength of the primary DND agglomerate trough carboxyl groups coupled by ions
of metal impurities, as well as by conventional C—C—bonds. Iron increases the agglomerates
size and degrades the stability of nanodiamond suspensions as seen in Figure 10b. (2)
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Figure 10, (a) Formation of a double electric layer around a DND particle in dissociation of carboxyl
groups, and (b) DND particle coagulation initiated by formation of bridge bonding in the presence of
iron ions. (2)

In a recent study by Chang, Osawa and Barnard, the common theory where ND aggregation
is mainly caused by van der Waals forces or by chemical bonds between the individual par-
ticles was questioned. It was realized that the ND aggregates strongly resist dispersion and
a large driving force is required to disintegrate them, while X-ray diffraction (XRD) meas-
urements show that the DND particles remain discrete (36). A speculation that the sp? matrix
can bind the core sp? particles together was also rejected since in highly purified NDs the
sp” shell is removed while agglomeration is still observed. The current most reasonable ex-
planation of the agglomerate formation was suggested by Barnard and Sternberg who pre-
dicted the self-assembly of the ND particles by electrostatic attraction of the oppositely
charged ND surfaces (37). This mechanism has recently been confirmed by aberration-cor-
rected electron microscopy measurements. (36) (38) Different types of ND clusters are clas-
sified (by Chang, Osawa and Barnard) in Table 1.

Table 1, ND aggregate comparison (36)

Configu-
Name Size, nm Type Nature ration Terminology
Primary particle 4.7 - - - Isolated
Agglutinate c.a. 60 Interfacial | Electrostatic | Ordered CICla
Agglomerate 100-200 Interfacial | Electrostatic | Random IICl b
Van der
Powder > 1000 Intergranular Waals Random VDWA c
a) Coherent interfacial coulombic interaction, b) Incoherent interfacial coulombic interaction, c) Van der Waals ag-
gregation
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Besides the van der Waals interaction, DND particles may also be linked by bridge bonding
differing in nature. Significantly, it is not only the anhydride groups that can affect the par-
ticle aggregation in DND hydrosols. (9) In Figure 11 possible bridge bonding between ND
is shown with different types of bridges.
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Figure 11, Possible schemes of bridging bonds linking nanodiamond particles. (9)

3.1.1 Adsorption

It is still not entirely clear whether total homogeneity of DND surface functional groups can
be achieved. However, it is known that agglomeration is highly related to adsorption prop-
erties of ND surface. Therefore, the adsorption plays important role when studying the ND
aggregation. There is a need to understand mechanisms of adsorption in order to make tar-
geted modifications for increasing or decreasing NDs adsorption efficiency. In many appli-
cations, especially in the field of biomedicine, additional study of NDs adsorption properties
is very important to solve the problem of elaboration of a multifunctional biosensor on the
base of NDs. Such biosensors could be used as sorbent, drug delivery and fluorescent marker
simultaneously.

A typical ND particle of 4-5 nanometers in size with a shape close to a sphere has multiple
low-index facets, such as (001), (011), and (111) types, as well as high index facets exposed
at its surface. The surface energies of these facets are very distinct, involving possible sur-
face reconstructions of (111) and (001) surfaces. For different DND facets, termination with
different types of surface groups might be energetically preferable, since this was the case
for bulk diamond surfaces (1). At least for bulk diamond the chemisorption of atoms or mol-
ecules on the diamond surface lowers the energy on the surface. (39) The general picture of
stable structures of diamond surfaces terminated with different types of surface groups is
very complex. It is even more complicated for ND particles, where particle size, shape (ex-
posed facets), presence of edges and vertexes all are structural factors influencing the
strength of binding of different types of surface groups and the overall stability of a particle
(13).

The predicted trend in adsorption energy strength is following:
S <Cl<OH <H <F <Oontop < Obridge (39). The C—O bonds are generally more favorable
than C—O—-H bonds. Oxygen and fluorine atoms tend to form very strong bonds with the car-
bon atoms on the diamond surfaces. Oxygen can be adsorbed in two positions: in an ether
(bridge) position through covalent bonding to two adjacent carbon atoms or in a ketone po-
sition (on “top” of a carbon atom). The bridge position for oxygen on the (100) surface was
predicted as the most thermodynamically favorable for high oxygen coverage. Lai and Bar-
nard examined the stabilities of the oxygen-, hydrogen-, and hydroxyl-terminated ND parti-
cles with respect to temperature variations and different O- and H-rich environments using
the density functional tight-binding simulations. (40) (41) Thermostabilities of H-, O-, and
OH-passivation of NDs were found to be highly dependent of the surrounding chemical en-
vironments, as well as the ND morphology. When there is plenty of H and O around, func-
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tionalization with OH groups was generally the most stable due to the formation of a hydro-
gen-bonding network between OH groups on the surface. This result is opposite to the re-
sults for bulk diamond termination, where coverage with O groups is the most stable. (13)
Lai and Barnard also investigated in a different study the adsorption strength of a single ad-
sorbate of COOH, OH, O, and H placed in different points on the surface of a particle. It was
concluded that adsorption of hydroxyl groups is more energetically preferable than carboxyl
groups at almost every point on the surface. In contrast, the adsorption strength of O and H
species is much weaker than for COOH groups, and is unstable with respect to gaseous O or
H> on most of the (111) surface sites. (13) (40)

Ion adsorption properties of untreated and surface modified ND in different aqueous solu-
tions were evaluated recently by Laptinskiy et al. (42) Adsorption efficiency of ND in the
study was determined by the number of ions adsorbed on the surface unit area of ND. In
Figure 12 the adsorption rate of different ions on 16 nanodiamond, I6COOH surface modi-
fied ND and charcoal are compared. In comparison with charcoal, NDs adsorption efficiency
didn’t show essential advantage. (42)
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Figure 12, Adsorption activity of 16, I6cCOOH and charcoal: 1) Cu?" in Cu(CH3COO)2, 2) CH3:COO —
in Cu(CH3C0O):, 3) CH3COO - in Pb(CH3COQ)2) (42)

However, it was shown that Pb®" ions are adsorbed by the modified ND better than Cu?*
yielding four times higher sorption efficiency of I6GCCOOH for Pb*". As both NDs have many
oxygen containing surface functional groups, both types of nanodiamonds actively adsorb
copper on their surface by hydrogen bonding. I6COOH, that has had its surface modified
with oxygen containing groups, adsorbs copper more actively in comparison to normal 16
diamond. In nitrate salts solution, the adsorption efficiency of modified ND is about three
times higher than that of 16 in respect to the ions. (42)
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3.2 Surface modification

An important goal in nanodiamond research is developing more efficient methods to purify
NDs from detonation soot. As mentioned earlier the detonation soot is basically a mixture
of sp? and sp? carbon phases and some inorganic impurities (9). After purification, the con-
tent of sp? carbon in ND should be low and the size of agglomerates small. In addition, this
should be done in inexpensive, environmentally friendly way (43). As discussed earlier in
chapter 2 the commercially available nanodiamonds might require additional processing or
modification before they can be used as intended. This is usually because of impurities in
material, amount of non-carbon is too high, average agglomerate size is too big, or surface
chemistry is not suitable for planned application (1).

As mentioned earlier in chapter 2.2, different DND treatments, usually called modifications,
can include additional deep purification, surface functionalization for a specific application,
and deagglomeration or size fractionation. (1) The possibility of surface modification creates
a lot of opportunities when considering the use of nanodiamonds. Nanodiamonds surface
chemistry can be optimized to work in a certain specific application. Surface groups on ND
particles play another very important role—they stabilize the diamond structure toward sur-
face reconstructions and prevent its graphitization (13). When starting the investigation of
possible ND surface modifications, there are three important things that should be inspected:
the average size of DND particles and size distribution of ND clusters, the degree of chem-
ical purification of diamond from the graphite phase - the so called sp?/sp’ ratio, and the type
of impurities on the surface of DND agglomerates (9). Useful tools for these studies are X-
ray diffractometry and small-angle X-ray scattering, Raman and IR spectroscopy, high res-
olution transmission electron microscopy and scanning electron microscopy, energy-disper-
sive X-ray spectroscopy, nuclear magnetic resonance and electron spin resonance. (9)

One advantage of NDs is the ability to selectively modify their surface oxygen functional
groups. This can be done by using non-covalent attachment or organic synthetic coupling
chemistry. (44) Surface of ND is often functionalized with chemical reactions based on rad-
icals, producing carboxylic acid, NO2 and fluorine surface groups (45). The majority of di-
amond particles have carboxylic acid groups on their surface when measured with Fourier
Transform Infrared spectroscopy (FTIR). These acid groups are produced by air or ozone
purification or treatment in oxidizing acids (13). (46) Modification with gases such as Ho,
O or air are very popular ways to alter the surface of ND. DND powders surface modifica-
tion by heating in air or in a hydrogen results in oxygenated and hydrogenated form of the
nanodiamond surface. In Figure 13 it is shown how ND surface can be homogenized with
oxidative or reductive methods by using either gases or liquids.
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Figure 13, The surface of nanodiamond can be homogenized using (a) oxidative or (b) reductive meth-
ods. (14)

Compared with gas treatment, wet chemistry does not require elevated temperatures and
provides better selectivity because of a large number of functional group modifications al-
ready known in organic chemistry. Additionally, NDs can be modified by using the chemis-
try of graphitic carbon. Surface graphitization can be created by annealing the NDs in vac-
uum. Powerful C—C bonds can be created between the graphitic shell and the groups on
the surface of diamonds. ND functional groups such as C—X bonds (where X is N, O, or S)
are usually produced with techniques that rely on chemistry. There are many kinds of differ-
ent options for DND surface functionalization, but still the outcome is strongly dependent
on the purity and uniformity of the starting nanodiamonds. (13)

Surface properties of NDs have also important ecological implications since use and disposal
of nanomaterials will lead to their release into the environment. Upon entry into the envi-
ronment, depending on their surface properties, nanoparticles can form associates with other
ionic or molecular chemical species in the surrounding media, aggregate, adsorb organic
matter, and be accumulated at high concentration within the waste material. (13) So as can
be observed, there are numerous aspects in the ND surface chemistry that need to be consid-
ered when planning ND applications. All the different methods mentioned in this chapter are
aiming for the same goal: to find a cheap and easy way of minimizing the agglomeration of
NDs and providing a surface chemistry with certain desired qualities. Impurities causing
undesired effects and agglomeration should be removed so that nanodiamond particles are
suitable for the application they were planned for.
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3.2.1 Oxidation

Most of the currently available nanodiamond particles have an oxygenated surface (23) (26).
The reason for this is the use of water or ice for the cooling in the detonation process, which
results in the reaction with active hydroxyl molecules. In addition, the purification of ND is
typically performed by using oxidizing mineral acids and/or air oxidation. Both treatments
lead to the formation of carbonyl and carboxyl compounds on the nanodiamond surface (26)
Liquid phase oxidation enjoys the widest range of applications (9). However, the air oxida-
tion process does not require the use of toxic or aggressive chemicals, catalysts, or inhibitors
(23).

Table 2 compares different oxidation methods. The important factors are the amount of non-
diamond carbon (NDC) and the content of inorganic impurities. The simplest liquid ap-
proach is purification with chromic anhydride or chromates solution in concentrated sulfuric
acid. This is because reaction can be done with conventional glass equipment at atmospheric
pressure and at temperatures of 120—150°C (14). Oxygen of the air is the simplest and most
widely used gaseous oxidizer. The temperature of the oxidation process can be lowered by
adding an appropriate catalyst. The biggest advantage of this purification process is its sim-
plicity. On the other hand, the control of oxidation is anything but a simple procedure, and
the technological conditions of the process are not the same for different components of the
product. The process also has a poor selectivity, because heating above 400°C results in
partial oxidation of the diamond yield as well. Besides, oxidation does not remove any inor-
ganic contaminants, and their content may become even enhanced by the presence of the
catalyst. As a result, air (or any other gas) oxidation requires involving an additional stage
of acid processing to remove the soluble inorganic contaminants. (9)
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Table 2, Comparison of various chemical methods of DND isolation from detonation soot and its puri-
fication. (9)

Method of purifi-
cation

Oxidizer, condi-
tions

Degree of purifi-
cation; residual
content of NDC

Content of inorganic
impurities

O; + catalyst;

5-0% without additional

Air, catalytic oxidation 200-300 °C Average; 1-2% washing in acids
5-10%, washing of
Air, high-temperature starting material with
oxidation 0> ;420 °C No information HF/HNO3 mixture
Very high level; 5-10% without additional
Ozone oxidation 03;20°C <0.1% washing in acids
CrO3 in HzSO4
Chromic oxidation medium; 100 °C High; <0.2% 1-3%
HCIO4 in water
Oxidation by perchlo- | medium; 50-70%,
ric acid 100 °C Average; 0.5-1.0% 0.5-1.0%
Oxidation by a mix- HNO3 in H>SO4
ture of sulfuric and ni- | medium; 200-250
tric acids °C Average; 0.5-2.0% 0.5-1.0%
HNO:s3 in water
Oxidation by nitric medium; 50-65%;
acid 200-250 °C Average; 0.5-2.0% 0.5-1.0%
Oxidation by hydro- HNO; + H20z in
gen peroxide water medium Average; 0.5-2.0% 0.5-1.0%

The initial oxidation temperature of the nanodiamond in the air is about 550 °C, which is
lower than that of the bulk diamond (800°C) (22). The lower oxidation temperature is a result
of smaller particle size of the nanodiamond, larger surface and the non-integrity of the crystal
structure. In a study by Osswald et al. the optimal temperature range for oxidation of the ND
samples was estimated to be 400—430 °C (23). In that study, it was also found that depending
on the ND sample, 5-h oxidation at 425 °C increased the content of sp*-bonded carbon from
23 to 81% in starting powders to 94—96%, as determined by XANES (X-ray Absorption
Near-Edge Structure Spectroscopy). This proves that oxidation in air can selectively remove
amorphous and graphitic sp’>-bonded carbon from nanodiamond powders. When the temper-
atures are higher than 760 °C, the nanodiamond is oxidized completely. (23) (22) Full de-
composition of ND surface groups takes place at ~900 °C and full desorption of H occurs at
~1100 °C. Above this temperature, a few fully encircled graphitic shells are formed on
the surface of large ND particle (>2 nm) followed by full transformation of detonation ND
particles into OLC at temperature exceeding ~1500 °C (during 1-2 h of annealing in high
vacuum). (13)

A particularly strong hydrogen-bonding interaction between oxidized ND and water has
been identified, leading to the formation of a surface-confined nanophase of water. This layer
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of surface-bound water is estimated to be 0.5 nm thick and requires persistent heating at
temperatures of more than 200 °C to be removed. (44)

3.2.1.1 Ozone treatment

In studies by Shenderova et al., it was observed that NDs treated with ozone have the lowest
amount of sp? carbon, in other words, the content of its NDC is very low. The oxidizer here
is ozone produced in corona discharge. This method of oxidation is performed after remov-
ing non-organic impurities from material and it stands out in its selectivity (9). Gas-phase
purification used in ozone modification is an attractive alternative to the more commonly
used method of detonation soot treatment with concentrated acids or other strong liquid ox-
idizers, which make up to 40% of the product cost. Ozone-modified nanodiamonds (NDO)
were found to have a number of distinctive characteristics. The ozonated DND is composed
of the polyhedrally shaped faceted primary particles, has its surface enriched with oxygen
containing groups, forms stable hydrosols and shows constant zeta potential over a wide pH
range (47). NDO-based suspensions possess high colloidal stability in the range of pH 2-12,
exceeding a pH range of stability for other types of NDs produced from carbon-containing
explosives (48). The average size of polydispersed NDO in their water suspensions is about
160-180 nm. This number is the smallest average size reported for commercially available,
unfractionated, polydispersed DNDs. In addition, the content of the primary polyhedral-
shaped, faceted particles with a size of 3-5 nm in the polydispersed NDO is substantially
higher than that of the acid purified DNDs. This is due to the fact that, after ozone purifica-
tion, necks between primary particles within aggregates are significantly etched and thinned.
Then during active dispersion like sonication, aggregates can break apart resulting in large
fraction of primary particles and small size of aggregates in the final material. (43) (48)
However, as there are many pros in the process, there are also some downsizes. These in-
clude the technically advanced equipment required, high power consumption and as a con-
sequence, the high cost of ozone-purified DND (9).

3.2.2 Hydrogenation

Treatment of ND-COOH particles in a hydrogen flow or in microwave CVD plasma at tem-
peratures over 700 °C reduces the amount of COOH groups and removes oxygen almost
completely from the surface to produce hydrogenated nanodiamonds. (49) With the help of
hydrogenation, the strong agglomeration can be restrained. Normally there are highly reac-
tive oxygen groups covering the surface of NDs. Hydrogenation removes these oxygen
groups and makes NDs less prone to chemical reactions and therefore, also agglomeration.
Hydrogen termination is also expected to stabilize the ND structure (9). Three different mod-
els of hydrogen terminated ND particles are shown in Figure 14. In a) hydrogenated spots of
limited size alternate with non-hydrogenated zones showing oppositely charged surfaces; b)
diamond core completely terminated by hydrogen atoms; c) partially hydrogen-terminated
diamond core with regular positioning of hydrogen atoms. Diamond cores are shown by
hexagons and hydrogen atoms are shown by small open circles. (38)
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Figure 14, Three models of hydrogen-terminated nanodiamond particles. (38)

Hydrogenation of detonation nanodiamond powders is shown to be possible via annealing
in hydrogen gas. This effect is based on the reaction of the sp? shells and bonding matrix
between particles with hydrogen gas. The hydrogenation process results in a breakdown of
large aggregates (>100 nm) of diamond bonded in sp? matrix into primary particles with
defined surface functional groups. The resulting colloids have very high positive zeta poten-
tial over a wide range of pH and a narrow distribution of particle sizes centering on the core
particle size (approx. 4 nm). The colloidal solution is stable in the long term, showing no
cluster formation over extended periods of time, which is an important requirement needed
in bio-applications like drug delivery and biolabeling techniques. (50)

The hydrogenation process has major effect on nanodiamonds zeta potential as can be seen
from Figure 15. The untreated powder has a negative zeta potential over the entire pH range
and it becomes progressively more negative as the pH is increased, which is common for
acid cleaned commercial nanodiamond powders (50). The hydrogenated powder however,
has a positive zeta potential over the entire pH range as seen in Figure 15. Oxygenated DND
is believed to have the greatest electrochemical activity while hydrogenated DND has the
smallest activity (5).
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(50)
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4 Sensors and Applications

As discussed earlier NDs are very potential material for many applications in the field of
biomedical and sensor technology. NDs have also other great properties such as: they im-
prove the wear resistance of metallic implant coatings or medical instruments because of
their adjustable roughness, high micro-hardness (3000 to 3500 kg/mm?), low coefficient of
friction, lubricating quality, and fatigue durability (14). However, the large-scale agglomer-
ation of NDs has slowed down their use in some applications in the past (2) (10). Now, by
using techniques like beads milling and BASD (both methods introduced in chapter 5), a
better control over the ND agglomeration is obtained and numerous applications for nanodi-
amonds have been planned. With current deagglomeration methods mentioned earlier ND
agglomerates can be broken down to single-digit nanodiamonds that are needed in many
modern applications. Also, the centrifugation technique introduced in chapter 5.1.1 allows
application specific selection of ND cluster size. (5)

NDs have been considered to be an excellent candidate for nanoelectromechanical systems,
biosensors, field-emission devices and other biomedical applications. Recent proposed uses
of ND include as drug delivery vehicles, strengthening components of polymer composites,
sorption agents in chromatography and in humidity sensors (44) (51) The reason is found in
the properties of nanodiamonds that include superior hardness and Young’s modulus, bio-
compatibility, optical properties and fluorescence, high thermal conductivity and electrical
resistivity, chemical stability, and the resistance of nanodiamond to harsh environments. (8)
(23) The extreme mechanical and chemical properties in ND are from the strong covalent
bonds in diamond, and from diamond having the highest atomic density of any existing crys-
tal (13). However, the unique bulk properties of diamond can be fully exploited at the na-
noscale only if the interface between the nanodiamond particle core and the environment
(i.e., surface of the particles) is properly engineered. (13) Therefore, as discussed in chapter
2.2, different surface groups also play an important role in the chemistry and functionality
of nanodiamonds. The surface groups of the NDs needs to be modified with care to work
smoothly in certain specific application. It is well-known that NDs agglomerate because of
these highly reactive surface groups. Also, the high surface area-to-volume ratio of ND and
the balance of sp>-sp® allow a highly active electrode material to be created. The high
strength of C—C bonds and the well-researched biocompatibility makes diamond a particu-
larly attractive substrate for biosensor applications. For example, NDs deposited on n-type
silicon and functionalized with enzyme glucose oxidase have been used for detection of glu-
cose. In the study by Villabalba et al. it was found that the response of the electrode to glu-
cose is from 1 x 10— 6 M to 8 mM with response time less than 2 min (52). (53) (54)
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4.1 Conductivity and use in electronics

The electrical and thermal properties of NDs are strongly affected by surface modifications.
NDs have a high thermal conductivity just like diamond, it is non-toxic (with correct surface
chemistry) and can be produced in large quantities (55). Therefore, NDs are used in many
materials where better thermal conductivity is needed. Yeganeh and al. made a conclusion
in their study of ND thermal conductivity in Deionized (DI) water, that by increasing the
dispersion quality of the nanofluids, improvements in the thermal conductivity could be
made (56). With better dispersion of NDs — and therefore also lower rate of agglomerates,
conductivity is indisputably better.

In addition to improving thermal conductivity of materials, it is expected that electrical con-
ductivity of ND solution gets higher as size of agglomerates gets smaller. As discussed in
chapter 2.3 there are unsaturated active bonds on the DND surface. Electron transfer is taking
place between these essentially insulating particles and a redox species in solution or an
underlying electrode (1). The agglomeration has effect on the redox properties of NDs. More
studies to investigate how deaggregation influences the electrochemical response are neces-
sary to determine how monodisperse the activity of the particles is or whether we are study-
ing a collective behavior (57).

When considering electrical properties, purified ND has high electrical resistivity due to its
sp® electronic structure and the absence of 7 electrons. Annealing ND above 900 °C leads to
the formation of graphitic phases and resistivity is decreased. ND is said to behave as a
nearly ideal dielectric at temperatures below 350 °C, although this is sensitive to ND surface
chemistry. (58) When ND is undoped and so highly resistive, it is surprising that any elec-
trochemical response is obtained at all. In addition, despite being relatively non-conductive,
NDs can promote electron transfer between a protein and an underlying electrode. The direct
electrochemistry of redox proteins at electrodes is not often observed. Usually a “promoter”
layer is required to correctly align the protein with respect to the electrode surface and to
prevent denaturation—the ND appears to act as such a promoter. (57)

Hydrogenated diamond surfaces are known to have unique properties including hydropho-
bicity and, in the case of powder, typically a high positive zeta potential. Surface conductiv-
ity and negative electron affinity were also reported for hydrogenated ND. Although dia-
mond is an insulator, it is known that hydrogen-terminated bulk diamond becomes conduc-
tive when exposed to water (59). Surface conductivity of hydrogenated nanodiamond is ex-
plained by the transfer doping mechanism: electron transfer from the valence band of the
hydrogenated diamond to the redox species in the electrolyte (adsorbed water) results in
holes on the ND surface. This allows two-dimensional electric conduction and a semi-con-
ductor behavior. (59) Previously mentioned mechanism is demonstrated in Figure 16. The
reaction is driven by the difference in the chemical potential of electrons in the liquid phase
(1e) and in diamond Fermi level (Er) (60).
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Figure 16, Upper: Schematic picture of the hydrogenated diamond surface in contact with a water
layer as it forms in air. Lower: Evolution of band bending during the electron transfer process at the
interface between diamond and the water layer. VBM = valence band maximum (60)

Electrodes fabricated with CVD technique are more highly active towards aqueous redox
systems than conventional diamond electrodes. (61) Also, nanodiamond films possess
significant electrical conductivity due to the graphitic content and high concentration of grain
boundaries in the material. Since ND has a much higher surface-to-volume ratio compared
to bulk diamond, the effect of surface hydrogenation of ND on its conductivity should be
even more effective than for bulk diamond. Recently, Su et al. reported that hydrogenation
of detonation ND by hydrogen plasma treatment increased the electrical conductivity, as
estimated by impedance spectroscopy, by four orders of magnitude (62). The electric con-
ductivity of ND is increased by almost 2 orders of magnitude when treated in hydrogen gas
at 600-900 °C. Figure 17 illustrates the difference in resistivity between hydrogenated and
oxidized nanodiamond with respect to temperature. The increase of the conductivity is be-
cause of the surface hydrogenation rather than graphitization. A sharp transition of ND pow-
der was found from the relationship between the O/C ratio and the resistivity: from electri-
cally insulating to conductive state at a critical O/C ratio of ca. 0.033. Therefore, hydrogen-
ated ND can be considered as a surface-conductive ND, a material with many potential ap-
plications in electrochemistry, biomedical sensing, and nanocomposites. (59)
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Figure 17, Resistivity of ND when hydrogenated or oxidized in certain temperature (59)

4.1.1 Nitrogen doping and use in optical applications

The optical properties of NDs are exceptional due to their transparency in the visible wave-
length range, which is greater than glass, and high index of refraction. Therefore, NDs are
desired particles also in optical applications. Nitrogen is the most common impurity in dia-
mond (13). The NV (nitrogen vacancy) defects and NVN (nitrogen vacancy nitrogen) color
centers are the optically active defects in NDs that have received the most attention. The NV
defects are shown as diamond's red or near-infrared fluorescence, while the NVN centers
can be seen with bright green fluorescence (51). These impurities are demonstrated in Figure
18. The optical activity of the luminescent color centers in NDs depends on their proximity
to the ND's surface and surface termination. For nanosensor applications, negatively
charged NV centers are required, where the extra electron is donated by a nearby isolated
substitutional nitrogen. As an indicator of the “ideal” surface for NV- centers, a slightly pos-
itive electron affinity is recommended. Surface engineering that could provide stable emis-
sion for the subsurface NV centers seems to be one of the most challenging tasks. (13) From
the point of agglomeration, it needs to be remembered that NDs can’t be used in some optical
applications if they are agglomerated because of their size is too big. Such applications in-
clude biolabeling, biomarkers and bioimaging. The size of human cells is typically less than
10 um, so big ND clusters can cause multiple problems in vivo.

Vacancies can be produced by irradiating diamond with high-energy particles. Subsequent
annealing at high temperature (2700 °C) causes vacancy diffusion and formation of com-
plexes with nitrogen atoms. Currently, the primary candidates for production of luminescent
ND for bioimaging applications are HPHT ND containing 100-200 ppm of N and ND de-
rived from natural diamond containing A defects (N-N pair) with concentrations of up to
3000 ppm. DND contains up to 2-3 wt. % of nitrogen, but nitrogen clusters in DND are
optically inactive. Therefore, if NDs are needed for imaging applications, the detonation
NDs are not preferred candidates. (13)

Unique photoluminescent properties of crystallographic defects in the diamond lattice, such
as nitrogen-vacancy and silicon-vacancy complexes, have encouraged applications of NDs
as fluorescent biolabels or biomarkers (51). Optically detectable spin properties of selected
color centers, particularly the NV center, stimulated developments of high-resolution mag-
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netometers, atomic-size sensors for electric fields, and quantum measurements of the tem-
perature gradient within living cells (63). Shenderova et al. produced carbon-dots decorated
NDs (CDD-ND) demonstrating synergistic benefits from joining two nanostructured mate-
rials in a single synthesis approach. Nanodiamonds decorated with carbon dots have excel-
lent potential as bioimaging probes with drug carrying capacity (64). These carbon-dot-dec-
orated NDs demonstrated stable red/near infrared photoluminescence and were used in in
vitro cell culture imaging. By creating carbon dots on the surface of deagglomerated 5 nm
detonation ND, dye-free small NDs with bright red luminescence can be produced. (13) (64)
These previously mentioned characteristics of ND allow both in vitro and in vivo imaging
and detection with or without surface functionalization by multiple methods. As fluorescent
labels, NDs display stable, non-photobleaching, bright internal fluorescence from nitrogen
vacancy defects within the crystal lattice (65). The unique Raman spectral signal for NDs
allows non-destructive detection with living cells (66). (1) . The generalized model
of nanodiamond shown in Figure 18 can demonstrate only the most common and important
optical features discussed in this chapter.

4.1.2 Boron doping and use as semi-conductor

Nanodiamonds have a large band gap of about 5.5 eV (34). However, they have proven to
be good semi-conductors when doped with boron or nitrogen. Boron is the most widely used
dopant when producing conducting diamond electrodes. The doped nanodiamonds function
like semi-conductors, where excess electrons carry the charge. The most striking feature of
diamond electrodes is their very high overpotential for both oxygen and hydrogen evolution,
which leads to one of the widest potential windows (~3.5 V) currently known for any aque-
ous electrolytes (1). Diamond electrodes also differ from conventional electrode materials
by their very low capacitance (high signal-to-noise ratio) and by the absence of surface oxide
formation and reduction reactions, which are present in conventional metal or metal oxide
electrode materials between oxygen and hydrogen alteration. Because of their unique elec-
trochemical properties, doped diamond electrodes can be used in numerous applications,
including the destruction of organic and inorganic pollutants in water, water disinfection,
inorganic and organic electrosynthesis, electroanalytical applications, electrochemical en-
ergy technology, bioelectrochemical applications, electroanalysis, electrochemical double-
layer capacitors, and batteries. (1) (13) (67) Fabrication of boron-doped DND particles dur-
ing detonation synthesis can be very beneficial due to the possibility of large scale produc-
tion. Boron doped ND can be considered as one of the most ideal electrode materials for
electroanalysis of many chemistry compounds (68). Figure 18 illustrates how boron atoms
bring excess electrons to diamond lattice.
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Figure 18, ND doping with nitrogen or boron. The sp? carbon (shown in black) forms chains and gra-
phitic patches. Some hydrocarbon chains (green) and hydrogen terminations are also seen. (Oxygen
atoms are shown in red, nitrogen in blue, and hydrogen in white.) The diamond core may contain ni-
trogen impurities depending on the method of ND synthesis, which can be converted to luminescent
color centers or form optically nonactive complexes. (13)
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4.2 Biomedical applications

The importance of carbon nanomaterials in biological applications has been recently recog-
nized. Examples include their potential uses in drug, gene, and protein delivery; novel im-
aging methods, coatings for implantable/corrosion resistant materials; biosensors/biochips;
purification of proteins; medical nanorobots; and many other emerging biomedical technol-
ogies. (69) In biomedical applications of NDs the importance of small and uniform particle
size is emphasized. In cellular level, no ND agglomerates are needed. Nanodiamonds them-
selves should be totally biocompatible and cause no stress reactions inside the body, but
there is evidence that the state of oxidation of nanodiamonds can cause some toxicity (13).
In a recent study by Xing et al. it was found that oxidized ND particles can activate DNA
repair proteins and most likely also cause DNA damage in embryonic stem cells (70). This
is an important perception, and a good advice for researchers everywhere studying ND bio-
compatibility in vivo. The positive side is that NDs surface chemistry can always be altered
so that majority of all oxidic groups are removed.

It is widely thought that low concentrations of NDs are biocompatible, but unattached nano-
particles can have some toxic effects to cells when concentrations are high (e.g. between
50 pg/ml and 200 pg/ml) (71) (72) (69). This is mainly because of their ability to penetrate
into cells. The interaction effect depends on the type of nanoparticles, their size, concentra-
tion, time of incubation and also on cell type. When compared to other carbon nanostructures
like carbon black and carbon nanotubes, NDs have a better biocompatibility when in contact
with neuronal and lung cell lines (69). However, the biocompatibility of ND coatings has
not been investigated extensively so further conclusions can’t be done yet. (73)

The core of detonation NDs is sp> hybridized carbon, so it shares the carbon-based compo-
sition with many biocomponents (1). But given the number of surface modifications that are
possible, it is important to be certain that the functionalized nanodiamonds intended for bi-
omedical applications remain safe. It must be noted that especially in the case of biomedical
applications all the unwanted impurities on ND surface should be purified. However, as
mentioned in chapter 4, the biocompatibility of NDs is well-researched subject and hopefully
it will be a popular topic of study in the future. Although only few harmful effects have been
found for ND materials, toxicity and biocompatibility testing of new nanodiamond-based
materials should continue. (8)

One possible use for NDs could be in “hybrid” carbon based nanomaterials. These novel
materials combine different carbon allotropes in order to form a unique mixture of useful
properties. Hybrid materials can possibly be used to detect biomolecules because of their
excellent electrochemical properties (29).

ND-mediated drug delivery has been also widely explored and their versatility as carriers
for a broad array of compounds ranging from small molecules to proteins and nucleic acids
demonstrated (54) (53) (74). Nanodiamonds can physically adsorb proteins and DNA oligos
for biomolecular separation and preconcentration (75). A unique set of properties attractive
for drug delivery applications include low cytotoxicity, large carrier capacity and a wide
array of surface functional groups, which can be tailored to ensure drug binding via electro-
static attraction and environment-dependent sustainable drug release (51). However, these
applications need single-digit nanoparticles or at least very small ND clusters as carriers.
NDs may also be used as cellular tracer probes due to their fluorescent properties as dis-
cussed in chapter 4.1.1. Nanodiamonds are able to fluoresce in many colors without photo-
bleaching. In addition, nanodiamonds are useful for fluorescence labeling because they are
transparent in the visible wavelength range, have a large index of refraction, and have irreg-
ular surface shapes that allow for a highly dense receptor binding capacity. (76)



30

Nanodiamond can also be stable, biocompatible and useful for biosensing applications. NDs
have been successfully used in biosensors for the detection of glucose (77). A multilayer
sensor was fabricated by forming a polyelectrolyte layer on top of a gold electrode, onto
where NDs were physically adsorbed. The electrochemical response of this sensor towards
oxygen reduction was investigated and it was found that anodic pretreatment of the ND re-
sulted in greatly enhanced currents for oxygen reduction. In other words, the anodic oxida-
tion of ND increased its ability to reduce dissolved oxygen. (57) Recently, enzyme-modified
diamond sensors have been realized for the detection of urea and pH of the solutions (78)
The future for NDs as biomedical probes is that they will hopefully provide maximum ther-
apeutic benefits while avoiding damage to healthy cells or tissues (1). NDs can be used as
additives to intensify the action of other components. Purified NDs have already been shown
to normalize blood pressure, detoxify the gastrointestinal system, and remedy cancerous
conditions (14). The significant number of unpaired electrons on the surface of NDs makes
each particle a powerful multi-charged radical donor, able to scavenge free radicals, which
accompany many serious illnesses (14). In a study by Eidi et al. it was found out that NDs
can pass even the blood-brain barrier and reach brain. Small amount of functionalized ND
particles were injected into muscle of a mouse, and in all four test cases, NDs could be seen
in the brain 21 days later. (79) However, NDs being redox active it must be noted that
many cellular processes (e.g. respiration) have an important redox component so it is im-
portant to ensure that the redox chemistry of ND will not interfere with cell function if in-
troduced into cells. (57)
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5 Mechanical deagglomeration

Nanodiamonds surface modifications can affect deagglomeration, but it is not possible to
produce single crystal nanodiamonds by only using functionalization. Even after additional
purification, commercial DND is presently still not a powder or a hydrosol of 4-6 nm dia-
mond particles. Therefore, several different types of mechanical deagglomeration methods
have been tested to break the aggregated ND clusters back to single-digit core particles.
Typically methods using strong mechanical force or high power sonication are used. These
methods are extremely important for many ND applications because they can produce ND
particles in the size range of less than 10 nm. In this chapter the most used deagglomeration
techniques in the field of ND processing are introduced.

5.1 Methods of deagglomeration

As almost all current applications depend on the small particle size of nanodiamonds, it is
crucial that ND clusters can be deaggregated. Typically, this means that ND particles must
remain well dispersed in the media relevant to the application and resist aggregation and
sedimentation. A variety of strategies have been developed for creating stable colloidal sus-
pensions of NDs in polar and nonpolar media. (13) Although ultrasonication is a powerful
tool in liquid—solid chemical reactions involving deagglomeration or fragmentation, soni-
cation alone may be insufficient in cases when interparticle bonding is too strong. Osawa
made significant progress by recognizing the microstructure of DNDs agglomerates and de-
veloped techniques of wet stirred media milling and BASD to destroy the agglomerated
clusters mechanically (30). As a result, the nanodiamonds were dispersed in solution. (34)
Currently of all the well-documented techniques, only ZrO> microbead-assisted wet milling
and BASD are capable of breaking the core ND aggregates and producing stable suspensions
consisting of primary ND particles. These methods are capable of breaking agglomerates of
all sizes. It is also possible to break up porous DND aggregates partially when subjected to
hydrobaric processing like in centrifuge. Their distribution in size in a water medium de-
pends on the zeta potential appearing in the medium, which also prevents their reverse ag-
glomeration. (2)

5.1.1 Centrifuging NDs

Centrifuge is an equipment that uses rotation around a certain axis to separate substances
and particles with different density from each other. Heavier particles move further away
from the center than the lighter ones. Normally agglomeration is a feature that is not wanted
when operating with nanodiamonds but in some applications, different sized agglomerates
of nanodiamonds are needed. These ND applications include heavy duty lubrication and ad-
ditives to galvanization baths. (14) It is also useful to be able to fractionate DND into differ-
ent, narrow distribution of sizes for different applications. For example, only DND with ag-
gregate sizes of more than 100 nm can form such structures that diffract light in the visible
region (80). Figure 19 shows possible uses for different sizes of nanodiamond agglomerates
and also, which methods are able to produce these ND clusters.
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Figure 19, ND size range, possible areas of use and methods for obtaining these sizes (1)

DND solutions must possess high colloidal stability for centrifugal fractionation. It is diffi-
cult or almost impossible to fractionate an unstable suspension. DND fractionation using
centrifuge has several attractive aspects. It is a totally contamination-free approach. It could
be expected that the use of fractionating with ND agglomerates would be favored by at least
two factors related intimately to centrifuging. The first one is that water pressure during
centrifuging should provide penetration of water into the nanopores of DND agglomerates.
That pressure itself should break some agglomerates. Second, penetration of water into a
nanopores generates a capillary pressure as well. If water wets the pore walls, the work done
by the capillary forces is close to a few electron-volts, a value comparable with the energy
of chemical bonding anchoring the 4 nm agglomerate particles. However, the rotation of the
centrifuge needs to be high, because at accelerations below 3000 g it is not possible to reduce
the size of agglomerates to a level below 20 nm (2). Suspensions of DND with an average
agglomeration size of 15 nm in water have been obtained by centrifugation. (1) Fractionation
1s widely used by DND manufacturers who want to provide customers diamonds within a
carefully set size range.

Hydrogenated ND particles are significantly smaller than those of the untreated powder
when dispersed in to water. In Figure 20a, the particle size distribution of the untreated pow-
der before and after numerous centrifugations is shown. It can be seen that almost inde-
pendently of centrifugation, the dominant particle size is over 100 nm, with no evidence of
any smaller particles. The particle size distribution of the colloid made with the treated pow-
der is shown in Figure 20b. When using centrifugation, the peak of the particle size distri-
bution shifts to lower sizes. After centrifugation for 90 min at 5000 rpm the size distribution
reduces to 28-32 nm, after 7500 rpm distribution drops to 16 nm, and then to 2-4 nm after
centrifugation above 10000 rpm. The core particle size is reached after 10000 rpm centrifu-
gation for 90 min, and the colloid can be defined as fundamentally monodisperse. Further
centrifugation at higher speeds like 15000 rpm results in only a small reduction in the median
and standard deviation of the particle size distribution. (50) However, as discussed later in
this thesis, NDs tend to reaggregate easily. This happens mainly when NDs are dried, but
there is not much research done around NDs stability in solutions.
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5.1.2 Wet stirred media milling

Wet stirred media milling (often called also beads milling) with zirconium beads seems to
be an effective method of disintegrating DND agglomerates (30). Milling technique is fast,
controllable and scalable so it has been adopted to deagglomerate functionalized DNDs. (81)
In stirred media milling, micrometer-sized beads are agitated to induce high-energy impact
and shear forces to nanodiamond structures. The mechanism is the centrifugal force in the
planetary ball milling together with milling media creates an impact force on powder parti-
cles (81). Basically, beads-milling destroys agglutinate structure including its grain bound-
ary region by using brute force (30). During beads milling different types of collisions occur.
Figure 21 demonstrates these collisions. The simplified schematics of the media milling de-
vice can be seen in Figure 22a. It is capable of breaking up to 90% of core agglomerates,
with formation of a suspension consisting of single nanodiamond particles. Stirred media
milling in water with the help of zirconium beads is an effective method for breaking the
aggregates up and simultaneously dispersing them in water. (82) Water also removes the
heat created by the process (9). Milling technique has been created for deagglomeration and
functionalization purposes and therefore, DNDs to milling medium ratio has also been ad-
justed to get optimum results. A ratio of 1:7 of DNDs to milling media has been controlled
and all experiments should be conducted at this optimized ratio (81). Therefore, usually
around 70-80% of the mill-space is loaded with beads (9). Best results are gained when a
high power sonication for up to 1 h is used with milling technique (4).
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Figure 21, Types of collisions involved in beads milling (9)

Processing of NDs, specifically the high shear forces generated during bead milling, may
cause additional graphitization of the sample (30). As the zirconium beads, 30 um in diam-
eter, are spherical, shearing collision of beads takes place at a small contact area where large
amounts of kinetic energy are released to produce high-temperature (calculated to reach
1527 °C) and high-pressure at this point. The collisions are demonstrated in Figure 21. These
conditions are severe enough to convert small portions of diamond carbon atoms on the sur-
face into curved and partial graphitic layer by diamond—graphite phase transition. (30) Since
DNDs have very pronounced sorbent properties, adsorbed fragments of sp? carbon and hy-
drocarbon molecules may remain attached to their surface even after surface modification.
After full deagglomeration by bead milling, ND particles must be purified from sp? car-
bon formed during milling. (13) It should be noted here that the fragments of graphitic grain
boundaries and zirconium particles from collision of microbeads still remain in the resulting
colloid of primary particles. (30) So milling technique leads to contamination of NDs with
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zirconium particles about 5 nm in diameter. The problem is that zirconium is an expensive
material and it is very difficult to remove from NDs because zirconium is highly resistant to
most acids/bases, affecting biomedical and other possible applications of the ND. (83) Con-
tamination is also hard to remove by centrifugation because of nanoimpurities resulting from
bead abrasion. Zirconium is chosen as a microbead material because of its high density
(specific gravity 6.0 g/cm?) and therefore the ability to give beads higher momentum (9). In
study by Osawa, it was discovered that concentrated alkali is expected to remove zirconium
contamination and also fragmented amorphous carbons generated during beads-milling. (30)
Different milling media such as NaCl and sucrose have been tested to perform deaggregation
of the functionalized DNDs, A-DNDs or aminated DNDs with good future perspectives. (81)
Mechanical deagglomeration of ND can be done with either wet stirred media milling or
beads assisted sonic disintegration like in Figure 22 below.

a) b)
ultrasound
generatar

fl————=u
= 0Ollosd
- r
S |

slurry with
beads

SUSPANSIoN -=

\ slurry with
sonoirode heads

Y

Figure 22, Schematic setup of (a) a stirred media mill and (b) a BASD apparatus (20)
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5.1.3 Bead-assisted sonic disintegration (BASD)

As briefly mentioned in chapter 5.1, BASD technique was also created by Osawa (30). The
deagglomeration characteristics in BASD resemble stirred media milling rather than bea-
dless sonication. The mechanical stress, however, can be much greater, and the compatibility
with wet chemistry processes is by far better. (7) BASD method includes high-power soni-
cation of a ND slurry with ZrO, micrometer-sized beads (83). As the technique i1s simple
and adaptable, the BASD setup can be easily integrated in the typical glassware systems to
enable functionalization of primary nanoparticles even under conditions where particles are
actually reagglomerating. (7) The BASD schematics can be seen in Figure 22b. Setup and
working principle, as seen in Figure 23, is created for chemical reactions using a powerful
sonicator equipped with a horn-type sonotrode. An airtight environment is maintained by a
Teflon joint between the sonicator and a universal glass joint. In the reactor, microjets and
shock waves generated by implosion of ultrasonic microbubbles accelerate the ceramic
beads. Microjets or shock waves induced by ultrasonic cavitation can act as propelling ve-
hicles of neighboring tiny objects. For instance, impact velocities between sonically accel-
erated metal particles of about 10 pm in diameter reach 500 m/s, which is far beyond the
speed of stirred media milling usually operated at around 10 m/s or less (7). The presence of
ceramic beads causes a high number of collision events. Breaking up of agglomerates is
thought to take place owing to the impact and shear forces of the collisions between the
sonically propelled beads. The higher the power density of the sonotrode, the faster the de-
agglomeration process. This reduces abrasion and therefore contamination from the milling
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beads. Similar to beads milled samples the stability of the colloidal solution is depending on
the polarity and hydrogen bond ability of the solvent. Best results are obtained with DMSO
and water. (24) When the agglomerates are treated with coupling agents, freshly exposed
surfaces react with the agents until all primary particles are deagglomerated. (7)

@: Nanodiamond -~: Coupling agent
Figure 23, BASD setup (7)

The BASD method shows similar deagglomeration performance compared to stirred media
milling, just by adding ceramic beads to a sonicated suspension. BASD is based on collisions
of beads induced by cavitations. Therefore, in order to achieve high efficiency, a solvent
with high boiling point and low viscosity has to be chosen to prevent bubble generation and
to allow high-speed movement of the beads. When NDs are used in application, it must be
noted that the solvent and other materials used in ND deagglomeration need to be optimal
considering the planned application. Dispersibility of nanoparticles in the solvent is very
important when handling BASD. A reaction under flocculating conditions gives rise to an
endless cycle of deagglomeration and reagglomeration. In this case, the chosen coupling
agent must reach the target particles on the exposed surface and complete the reaction before
reagglomeration happens. If this reaction stabilizes the particles in the respective solvent,
agglomerates will become significantly smaller. Because of the surface stabilization by the
functional groups, almost no reagglomeration occurs and the primary particles are eventually
liberated. BASD is a key method of deagglomeration, which is applicable not only to nano-
particles forming rather weak agglomerates such as synthetic monocrystalline nanodia-
monds (SYP-ND) but also to agglomerated detonation nanodiamonds, the extreme end of
tight agglomeration. BASD resulted in a remarkable decrease in the particle size: ND parti-
cles smaller than 10 nm were produced within 2 h of sonication. (7) This can be seen in
Figure 24, also results for beads milling is shown to give a fair comparison of particle size
distribution between these two methods.
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Certain drawbacks of BASD should also be noted. Problems are similar than with beads
milling, as were discussed in chapter 5.1.2 such as contamination with bead and sonotrode
fragments and damage on nanoparticles. However, as mentioned earlier, this problem can be
dealt with concentrated alkali (30). To avoid additional purification of NDs other materials
for the beads can be considered, but for sonotrode Titanium alloy there are currently no
substitutes. Ti-derived impurities, although usually much less important than those from
beads, must be removed using corrosive reagents. However, deagglomeration with BASD is
achievable by adjusting the energy input, provided the interparticle bonds are weaker than
the particles themselves. Therefore, parameters such as the amplitude of sonication and type
of beads should be optimized for each case. Furthermore, it should be noted that BASD
might induce additional radical reactions, which might result in unexpected products (e.g.,
reactions with the solvent). (7)

Also, ND amorphization or graphitization might cause problems when using BASD method.
However, as investigated by Niu et al. the amorphous carbon can be heated and finally de-
stroyed at high temperature (34). Although, heating might also lead to destruction of the
current surface functionalization. The fiercely exploded carbon species could further destroy
the covalent bonds between the primary nanodiamonds. The carbon species react with the
solution (i.e., C + H2O = CO + H3) and escape as gases. The elimination of amorphous
carbon and the breaking of covalent bonds between primary nanodiamonds leads to the well-
dispersed nanodiamonds in solution. (34) Despite the drawbacks, the simultaneous function-
alization with BASD enables a wide variety of possible reactions on nanoparticle surfaces,
including photochemistry and electrochemistry under inert conditions, due to the simple
setup and procedures. (7) (83)
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5.1.4 Salt-assisted ultrasound deaggregation (SAUD)

The technique utilizes the energy of ultrasound to break apart nanodiamond aggregates in
sodium chloride aqueous slurry. System requires only aqueous slurry of sodium chloride and
standard horn sonicator, still yielding highly pure well-dispersed nanodiamond colloids.
SAUD is capable of producing single-digit nanodiamond particles with efficient and inex-
pensive way. SAUD does not require any costly materials or expensive equipment and can
be used in any laboratory. The technique works with different nanodiamonds from different
manufacturers, provided they are purified and air oxidized, meaning that they have a large
amount of carboxyl groups on the surface. No pH adjustment is required either. It does not
use any zirconium balls, so no zirconium contamination is produced. There are no toxics or
difficult-to-remove impurities used and the method is therefore well-suited to produce NDs
for numerous applications, including theranostics, composites, and lubrication, etc. The ma-
jority of SAUD results reported are produced with NaCl and KCI, other salts or crystalline
compounds, including organic solids, can potentially be used. (84)

5.2 Comparison of deagglomeration methods

The ideal method for deagglomeration of NDs should be facile, simple and yield single-digit
particles without impurities. Reduction in treatment time and avoidance of costly milling
aids and equipment are beneficial as well. Different deagglomeration techniques were intro-
duced in chapter 5.1 and are compared in Table 3.

Table 3, Different techniques of ND deagglomeration (84)

Ultra- Di-
sound am-
power, eter,
Method | Additive W Workup nm Comments
710,
and SiO, difficult to remove con-
mi- 400- | dissolution of ZrO, contami- tamination from mi-
BASD | crobeads 500 nants in strong base or acid | 4-5 crobeads
Beads-
assisted difficult to remove con-
ball mill- | ZrO, mi- dissolution of ZrO, contami- tamination from mi-
ing crobeads - nants in strong base or acid <10 crobeads
Salt-as-
sisted at- acid treatment to remove Fe Fe contamination as re-
trition NaCl and other metals followed by sult of wearing of steel
milling | crystals - pH adjustment to 11 <10 | balls and parts of the mill
Ultra-
centrifu-
gation - 500 centrifugation at 18000g 4 very low yield
no contamination; works
NaCl washing/centrifugation steps with different commercial
SAUD crystals 150 (x2) 5-10 NDs
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As can be seen from Table 3, all methods produce good results when observing size range
of NDs. Although each technique is capable of significantly reducing the size of ND ag-
glomerates and even yielding single-digit NDs, they have crucial disadvantages that prevent
their use in certain applications, especially in biology and medicine. These downsizes in-
clude high price, low yield or problems with contamination. Ball milling and BASD are
currently the most common methods used in ND processing, but as mentioned earlier in
chapter 5.1.2, they contaminate sample with zirconium (84). However, zirconium is not con-
sidered to be toxic so it does not cause major concerns. Ultracentrifugation is contamination
free approach, but it has a very low yield and can be slow when handling larger amounts of
NDs. Attrition milling technique uses water-soluble, nontoxic, and noncontaminating crys-
talline milling media such as sodium chloride or sucrose. After the milling process is com-
plete, the milling media can be easily removed by water. However, attritor mills are expen-
sive, so not all research laboratories can use them. Steel jars, shafts, and balls, which are
standard components of the attritor mill, provide sources of metal contaminants and are sub-
jected to severe wear and corrosion during the milling, especially in the presence of salt.
This leads to ND contamination with unwanted metal impurities, such as Fe and other com-
ponents of steel. SAUD does not produce contaminants into nanodiamonds, which is an im-
portant advantage when high-purity nanodiamonds are needed, for example, in biomedical
applications. SAUD is an inexpensive way to deagglomerate NDs, but it is still relatively
new technique that has not been tested much yet. For future purposes ND deaggregation with
SAUD method seems potential. However, currently BASD and ball milling -methods pro-
duce the most reliable results and are widely available. (84)
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6 Dispersion in solvents

As discussed earlier in chapter 4, there are many potential applications planned for NDs. In
all of the applications mentioned, an understanding of the interaction between the surface of
ND particles and a solvent environment is essential to their exploitation. The types of surface
groups on the ND play a key role in the dispersion of the ND into particular solvents. Mod-
ifications in detonation nanodiamond surface groups can produce a high density of chemical
functionalities, as compared with nanoscale diamond powders, since almost 15 % of all at-
oms in the DND primary particle are located on the surface and therefore are solvent-acces-
sible (1) (5). Depending on the surface chemistry and environment, the ND particles may
interact more strongly with each other than with the solvent. This leads to particle agglom-
eration or possibly to the formation of non-desired molecules. (44) As well known, DNDs
tend to form aggregates in solutions. These aggregates become significant when their con-
centration is above 0.1 wt % (85). Despite the spontaneous aggregation, the DND suspen-
sions remain stable even though some weak cluster—cluster interactions can be observed.
These clusters can even penetrate each other when solution has strong concentration and
form gel-like nets. (85). Sonication and other deagglomeration methods introduced in chap-
ter 5 are typically used to break up the agglomerates before dispersion in solvents. (86)

In one recent study by Paci et al. the correlation of pH and ND agglomeration was investi-
gated. It was found that aggregate sizes of ~50 nm remain relatively unchanged upon titra-
tion to pH values as low as ~2.5 and as high as ~8.5. The aggregate diameter implies that
there were approximately 1000 particles in the average aggregate, assuming a particle diam-
eter of 5 nm. (18) The average agglomerate size in respect to pH is shown in Figure 25.
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Figure 25, Average aggregate size versus pH. pH changes were induced using 0.01 M NaOH or 0.01 M
HCI, with an initial nanodiamond concentration of 5 mg/mL. (18)
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A recent study of ND dispersion to different solvents was carried out by Khan et al. (81).
The dispersion of different samples of DNDs in different solvents can be seen in Figure 26.
Different colors can be observed in solutions because of Rayleigh scattering, as the particle
size is well below A/4. Other reason for varying colors might be formation of aromatic sub-
structures on the particle surface during the deagglomeration procedure. The resulting aro-
matic structures absorb light in different regions of the spectrum and in total a dark brown
coloration is obtained. (24)
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Solvents used in tests were water, DMSO and ethanol and they are marked with capital let-
ters A, B and C. Small letters (a), (b), (c) and (d) indicate differently treated NDs. In this
case:

a) as-received DNDs

b) ammonium bicarbonate treated DNDs

¢) NaCl +ammonium bicarbonate treated DNDs

d) sucrose + ammonium bicarbonate treated DNDs.

NaCl + ammonium bicarbonate ball milled and sucrose + ammonium bicarbonate ball
milled DND samples showed better results in each solvent. Samples in which particles settle
down imply poor dispersion, which may be due to small quantity of attached functional
groups. The superior dispersion of NaCl assisted ball milling of DNDs is likely due to the
use of NaCl grains as milling media. These grains are smaller in size providing greater area
of contact to DNDs particles and during collision maximum energy is transferred from NaCl
crystals to DNDs particles. Superior dispersibility has been achieved in water and DMSO
for both NaCl assisted milling of DNDs and sucrose assisted milling of DNDs. (81)

Figure 26, NDs dispersed in (A) water, (B) DMSO and (C) ethanol. Samplés (a), (b), (¢) and (d) indicate
the type of DND used (81)
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6.1 Zeta potential

Measurements of the zeta () potential can provide useful information about the charges
associated with the surfaces of particles in a colloid (18). DND acquire a certain type of
charge in colloids and that type, zeta potential, is important considering NDs sorption and
electrophoretic properties. Zeta potential of DND suspensions is another characteristic de-
pending on the DND surface composition and will be defined by the majority of the surface
groups (basic vs. acidic species). These zeta values largely determine the colloidal stability,
coagulation, and rheological characteristics of DND hydrosols. The values outside the region
+ 30 to — 30 mV indicate good resistance to agglomeration and sedimentation of DND in
suspensions (87). There are types of commercial and modified DNDs with highly positive
and highly negative zeta potential values in solutions. (1) Zeta potential values of different
ND types can be seen in Figure 28. The effect of zeta potential on suspension properties is
demonstrated in Figure 27.

Effect of Zeta Potential on Suspension
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Figure 27, Effect of Zeta potential on suspension properties (88)

As determining zeta potential is very important for ND suspensions, the measurements need
to be performed with care. The calculations have to be exact in order to analyze the properties
of ND solutions and finding the correct use for that ND suspension. Therefore, the equation
used for determining zeta potential plays an important role in the process. Zeta potential is
obtained from the electrophoretic mobility of ND particles measured using the laser Doppler
electrophoresis technique. After that, usually one of the two most popular theoretical expres-
sions of electrophoresis are typically used, either Smolukhovski's or Henry's. This is done
for conversion of the electrophoretic mobility into zeta potential values. (13) It was con-
cluded in research by Petrova et al., that the use of the Miller formula (Equation 1), provides
the most accurate zeta potential values for DND aggregates (89). Miller formula takes into
account the electromigration fluxes of ions and electroosmotic flows of solutions in pores of
dispersed particles. For monolithic ND particles (e.g. HPHT and fully deagglomerated 5 nm



43

DND) Ohshima's approximation developed for the arbitrary zeta potential value and the De-
bye length/particle radius ratio is more appropriate (90) (89).

Pq 2¢e¢ £ .
U, = (1 + 7) (3—"0(1" + 3—7;)1/’1%0) Equation 1,

where P, is the effective volume fraction of monolithic particles in an aggregate, (M is the
zeta potential of these individual particles in a corresponding solution, v is the zeta potential
of these particles inside a porous aggregate, and Fe, is a function that characterizes the in-
tensity of an electroosmotic flow in the pores (90).

The majority of the surface groups for DND treated in air and possessing a negative zeta
potential were carboxylic anhydrides, which convert into carboxylic acids in water suspen-
sions. The DND with positive zeta potential, obtained by soot oxidation using chromic an-
hydride in sulfuric acid, has very low if any concentration of carboxyl groups. The level
of surface oxidation of DND with positive zeta potential was much lower as compared to
DND with negative zeta potential. (13) Treatments resulting in NDs with negative zeta po-
tential seem to provide more complete oxidation with predominant carboxylic acid and acid
anhydride groups on the surface. These groups are responsible for negative zeta potential in
water suspensions over a wide range of pH. Functional groups on the surface of NDs with
positive zeta potential are much more diverse. A recent thorough analysis by Paci et al. stud-
ied fully deagglomerated NanoAmando (particle size about 5 nm) diamonds with positive
zeta potential, it was concluded that the groups are amphoteric, with high concentrations of
phenols, pyrones, and sulfonic acid groups. (18) The sulfonic acid groups originate from the
sulfuric acid used in the ND purification process. It was also concluded that the positive sur-
face potential of these NDs originates from the presence of pyrones. The phenols and py-
rones are closely related to the graphitic surfaces usually formed during beads milling. (13)
(30) ND particles in aqueous suspensions can possess very complicated interfacial phenom-
ena. These include protonation/deprotonation of ionogenic groups that lead to positive or
negative zeta potentials of ND and valence hole formation resulting in surface conductivity
and positive zeta potential of NDs. These effects occur because of different groups on ND
surface and the presence of sp? carbon structures. (13) As mentioned earlier in this chapter
that different types of nanodiamonds may have either positive or negative zeta potential.
This effect is demonstrated in Figure 28, with respect to agglomerate size. The chemicals or
techniques used for modification can be seen in brackets after the ND name.
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Figure 28, Zeta potential and average aggregate size for different types of commercial DND (9)



45

6.2 Solvents

Dispersion and at the same time deaggregation of DNDs can be carried out in different sol-
vents. This process is very important for many applications where single-digit DNDs are
needed. However, it has been noted that the dispersed nanodiamonds aggregated rapidly in
non-polar solvents. In contrast, they dispersed well in polar solvents such as DMSO, DI
water and ethanol. This dispersion behavior is linked to the polarity of the nanodiamond
surface. In non-polar organic solvents, the colloidal solution is not stable and rapid precipi-
tation occurs. This is due to the hydrophilic functional groups on the surface of the primary
particles, resulting in a zeta potential of +30 mV. (20) As seen in Figure 27, high zeta poten-
tial leads to a better dispersion of ND. Therefore, the most commonly used solvents with
nanodiamonds are polar solvents such as DMSO, alcohols and DI water. It is important to
find solvent for ND with good chemical compatibility for better dispersion. Typically, it is
necessary to use surfactants in solutions containing NDs (27). However, the excess surfac-
tant with a high boiling point is hard to remove from a mixture. The remaining surfactant in
solution would limit the practical applications of NDs. (10)

face groups. ND-H was obtained from ND by treatment in a flow of H: for a few hours at 400 °C. Cen-
trifugation was done at 20,000 g-forces for 10 min. (13)

6.2.1 DI water

Deionized water is water that has had almost all of its mineral ions removed. DI water is a
polar solvent that consists of hydrogen and oxygen and its chemical formula is H2O. How-
ever, zeta potentials of ND solutions in water seem to be lower than in DMSO. (87) ND
surface carboxyl groups dissociate in water suspension with formation of —-COO— ionic de-
rivatives bonded covalently to the surface and of the H+ cations. When NDs are dispersed
in DI water, dissociated acidic groups cause a negative charge on the ND surface as can be
seen in Figure 10a. (1) (91) This makes DND in water suspension an ideal object for pur-
poseful modification of the surface by various organic and inorganic atomic groups, metal
ions, fluorescent organic complexes and biologically active compounds such as biomole-
cules (9). Usually the color of NDs in water suspensions is gray or almost black, as seen in
Figure 29.
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6.2.2 Dimethyl sulfoxide (DMSO)

DMSO has a low toxicity when considering interaction with humans (oral, inhalation and
dermal) or environment. DMSO is one of the strongest hydrogen-bonding acceptors known,
several orders of magnitude stronger than water. (82) Therefore, sizes of ND aggregates
dispersed in DMSO are smaller than in suspensions of DI water. It has been found by Shen-
derova et al, that a mixture of DMSO/MeOH was one of the best solvent systems for frac-
tionation since it produced small-sized nanodiamond particles (87). However, another im-
portant finding of that work was the limitation of using DMSO for dispersions and efficient
fractionation of ND with only positive zeta potential. (87)

DMSO has polar resonance structure in which oxygen has a partially negative charge and
sulfur has a lone electron pair and a partially positive charge. It is also suggested that the
geometrical shape of DMSO affects solvation ability to some extend as well (87). The struc-
ture of the DMSO molecule is a trigonal pyramid in shape. At the apex of the pyramid there
is a sulfur atom and it’s directional lone pair of electrons helping to solvate molecules. (92)
DMSO contains a highly polar S = O group, that forms very strong hydrogen bonds with
molecules possessing acidic hydrogen atoms. These molecules include for example hydroxyl
groups and protonated forms of pyrone-like structures, hypothesized to exist on the surface
of NDs with positive zeta potential. (1) In addition to a highly polar group, DMSO contains
two hydrophobic CH3 groups. Thus, a solvation shell preventing ND particles from agglom-
erating is possibly formed through hydrogen bonds between surface groups of nanoparticles
and S = O groups of DMSO enclosed by methyl groups at the periphery of the shell. As a
result, there are no ‘bridges’ between ND particles formed by hydrogen bonds between sol-
vent molecules—ND surface groups and solvent molecules themselves as they take place in
water and alcohol suspensions of NDs. (87)

As mentioned earlier, the yield of small-sized ND particles in centrifuged suspensions of
DMSO is significantly higher than that in water. In addition, the DMSO supernatant con-
tained the smallest possible particle size, the 5 nm primary particles and an improved col-
loidal stability. NDs in DMSO also have high dispersivity and may be dried without caus-
ing reagglomeration. However, the relatively high surface tension of DMSO needs to be
adjusted by adding alcohol, otherwise during drying NDs would be pulled together again.
(87) For a comparison, surface tension of water is 71.8 mJ m 2, of DMSO 43 mJ m 2 and
of alcohols 22-23 mJ m 2 (93) Zeta potentials and average particle sizes for detonation ND
suspensions in both water and DMSO (1% wt/v) are illustrated in Table 4. (87) As can be
seen from Table 4, not all functionalized NDs tend to disperse better into DMSO. It is
mainly the compatibility of solvent and the surface chemistry of ND that makes the good
dispersion.
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Table 4, Average particle sizes are provided based on intensity-based measurements for the unimodal
particle size distribution. a) After sonication; sample sedimented within 2 h; b) After sonication; resi-
due formed within hours. (87)

Size in H20, Size in Z-potential in Z-potential in
Sample nm DMSO, nm H:0, mV DMSO, mV
1. "Alit" 260 190 31 33
2. Ch-St 250 215 17 (sedim.) 30
3.i6-NH2 144 158 42 35
4.i6 183 170 43 35
5.Ch-B 110 105 42 35
6. Ch-St-T 210 300 a -35 -4 (sedim.)
7.0z 200 290 a -49 -22 (sedim.)
8. Kr-B 80 Unstable -47 Unstable
9. RUDDM 75 138 b -49 -22

6.2.3 Alcohols

For a variety of applications, suspensions of ND in alcohols are beneficial because alcohols
possess low surface tension, low viscosity, and low temperature of vaporization. (87) Unlike
water, alcohols like ethanol and ethylene glycol (EG) molecules have hydrophobic, non-
polar alkyl groups as well as polar, hydrophilic -OH groups and so are likely to exhibit
preferential orientation in how they interact with the ND surface and with each other. (44)
Alcohol suspensions of typical polydispersed DND are not very well stabilized even with
positive zeta potentials, as compared to the same DND suspensions in DI water and DMSO.
It was also observed that the fractionation of typical DND (both with positive and negative
zeta potentials) is not efficient for DND suspensions in pure alcohol solvents suspensions.
An exception is hydrogenated ND, which was found to be stable in alcohols. (13)

The particle sizes and concentrations of NDs in different solvents and supernatants are
summarized in Table 5. However, the stability of polydispersed ND 16 is not high in alco-
hols, and the fractionation of 16 in pure alcohols is not efficient, as can be seen from Table
5.(87)
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Table 5, Comparison of the particle sizes of 16 ND in different solvents as well as size and yield in a su-
pernatant after centrifugation of 1 wt.% 16 ND at the same conditions. (87)

Size of polydis- ND size in
persed i6 ND, | Z-potential of | supernatant, | %.wt. Of ND in

Solvent nm i6 ND, mV nm supernatant
H>O 183 43 25 0.25
DMSO 170 35 30 0.5
Methanol 185 25 40 0.05
Ethanol 210 22 45 0.01
IPA 175 39 45 0.1
DMSO-H,0 (1:1) - - 47 0.45

DMSO-Methanol

(1:1) - - 30 0.25
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6.2.4 Reaggregation

Powders of DND are more economical and safer to transport than suspensions and allow the
flexibility in formulating different types of suspensions. However, providing DND powders
is challenging because the drying of DNDs from fractionated suspensions in water causes
agglomeration with an increase in the volume average size up to 100%. (87) When NDs are
dried from water and other solvents, they agglomerate more aggressively. Drying NDs can
lead to reaggregation due to capillary forces pulling the individual nanoparticles together.
Attractive van der Waals forces also create reaggregation. (8) This makes ND functionaliza-
tion more difficult because usually it involves drying of the ND from a solvent. Bondar and
Puzyr developed a modification technique based upon sonication-assisted treatment of NDs
in a NaCl solution (94). The result was purified NDs because of Na+ ions absorbing into the
ND surface. The attractive feature when treating NDs with NaCl was the possibility of drying
NDs from a hydrosol to a powder without additional agglomeration. This may also explain
why reaggregation does not occur when nanodiamonds are produced through NaCl-assisted
milling. DND powder with average aggregate size of ~40 nm after dispersion in DI water
was obtained using this method. (1) (94) ND sizes in original solvent and in resuspension
are compared in Table 6.

Table 6, Sizes of ND in initial suspensions as well as after drying and re-dispersion. a) ND powder was
first dispersed in DMSO, then methanol added; b) ND was fractionated in a mixture DMSO/H:20; c¢)
res. — Small residue presents; d) ND was fractionated in water, then DMSO added.

ND size after drying
ND size in solvent, | and resuspension, | Solvent for resuspen-
Solvent nm nm sion
DMSO 35 35 DMSO
DMSO 35 37 H»>O
DMSO 35 50 DMSO:methanol (1:9) a
H,O 30 98 H,O
DMSO/H,0 (1:9) b 40 55 (res.) ¢ H>O
H,O+DMSO (1:1)
d 30 48 (res.) ¢ H>O
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7 Experimental

In this master’s thesis, the idea is to compare nanodiamonds agglomeration behavior in dif-
ferent solutions. Nanodiamond solutions are prepared for tests with different solvents: DI
water, ethanol, DMSO and ethylene glycol. Each nanodiamond solution is first sonicated
(with bandelin sonorex rk 102 h) with 35 kHz frequency for 2 hours, to be sure that all the
bigger agglomerates are broken down. The use of silicon as a substrate for the ND films is
convenient because of their thermal expansion coefficients are very close. Nanodiamond so-
lution is spin-coated on the silicon sample and then characterized with the help of a SEM.
Before SEM, the sample needs to be made conductive with a thin layer of metal. This oper-
ation is done by sputtering a thin platinum coating on top of the sample surface. At last, the
SEM micrographs of the samples are closely observed to find differences in agglomeration
between solutions.

7.1 Materials

Nanodiamonds used in the study were hydrogen terminated DNDs produced by Carbodeon
(more details found in Appendix 1). The ND solutions obtained for tests were dissolved in
three different solvents: 2.5 wt% ND in DI water, 4 wt% ND in ethylene glycol and 0.05
wt% ND in ethanol. Because no ND powder was available, all nanodiamond solutions were
diluted to 0.05 wt% to get comparable results. Solvents used were: DMSO (C2HsOS, > 99%
by MP Biomedicals), ethylene glycol (C2HsO2, 99,8% by Aldrich), DI water and ethanol
(C2H6O > 99.5 ETAX Aa by Altia). After dilution there were four solutions with concentra-
tion of 0.05 wt% ND in ethanol, DI water, DMSO and ethylene glycol. DMSO suspension
was diluted from NDs in ethylene glycol so there is small amount of EG in solution. These
solutions are all listed in the Table 7.

Table 7, Solvents and NDs used in tests

Chemical for- | Amount of ND ND crystal

Solvent mula in solution Type of ND size
Hydrogen terminated

DMSO 99% C2HeOS 0,05 wt% DND 4.2+£0.5nm
Hydrogen terminated

EG 99.8% C2HeO2 0,05 wt% DND 4.2+£0.5nm
Hydrogen terminated

Ethanol 99.5% C2HsO 0,05 wt% DND 4.2 +0.5nm
Hydrogen terminated

Dl water>99% | H,O 0,05 wt% DND 4.2 +0.5nm

All four ND solutions after dilution are seen in Figure 30. Slightly different colors can be
observed. NDs dissolved in ethanol had some coagulation on the bottom of the solution be-
fore sonication but not much other differences could be seen.
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Figure 30, ND solutions used in tests

7.2 Spin-coat method

All 4 samples were prepared with spin-coat method. At first sample was inserted in to spin-
coater, where idea is to spin the sample until the nanodiamond solution is smoothly spread
on the surface. In this study the most important issue was to make sure the sample is com-
pletely covered in NDs and that the solution is evenly distributed. The silicon sample was
set on (Laurell ws 650mz 23npp) spin-coater and 25l of ND solution was carefully dropped
on it. Then the spinner was set to accelerate to 1000 rpm, then spin for 10 seconds at 1000
rpm and finally 20 seconds at 4000 rpm. Rotation of sample is continued while the solution
spins off the edges of the substrate. This was done three times for all the samples to make
sure the coating is evenly distributed over the sample surface. As the solvent used is volatile,
it evaporates during the process. The basic principle is that the higher the angular speed of
spinning, the thinner the film. The thickness of the film also depends on the viscos-
ity and concentration of the solution and the solvent. (95) In this case, the solution needed a
high speed and it was important that no liquid was left on the surface of the sample to dry.
ND solutions tend to leave clear “ring” marks when they evaporate because nanodiamonds
in the drop are concentrated more on the edges of the drop. Therefore, it is important that
the spinning is started immediately after the drop is dropped on the sample. In this case the
reaction time after dropping the solution and starting the spinning was about a second. Basic
steps of spin coating are demonstrated here in Figure 31.
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Figure 31, Basics of spin coating

After several rounds of spin coating, there should be uniform layer of nanodiamonds on top
of the substrate. To inspect this hypothesis, surface is then characterized and analyzed using
SEM.
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7.3 SEM imaging of surface

As mentioned earlier in this chapter, the sputtering is needed to make the sample conductive.
This was done by sputtering (with Emitech K100X) a thin platinum layer on top of the ND
sample. The Pt layer was approximately 8 nm thick and it was estimated using diagram
planned for Au deposition seen in Figure 32. Current used was 30 mA for 1 minute. Sput-
tering is performed in vacuum of 5x10° mbar. After the samples are made fully conductive,
they can be used in SEM.

Scanning electron microscopy is a technique where a high-energy electron beam is used to
interact with the target material. The SEM micrographs were taken using Zeiss Sigma VP,
with acceleration voltage of 3 kV and high vacuum of 10~ Pa. The idea is to measure scat-
tered and emitted electrons around the sample to form a micrograph of the target. The sample
material needs to be electrically conductive. If the sample is not conductive then the material
may become charged by the electron beam and cause interferences during the measurement.
Therefore, samples were coated with platinum as mentioned earlier in this chapter.

Sputtering depositlon rate using gold

35
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Deposition rate {nm/minute)
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Figure 32, Sputtering diagram for Au deposition rate in respect to deposition current
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8 Results and discussion

Comparison between different samples coated with ND solutions created in chapter 7 are
discussed here. SEM micrographs show the agglomeration on the sample surface and the
dispersion properties of different solvents can be analyzed.

8.1 Sample 1 — NDs in ethanol

As can be clearly seen from SEM micrographs in Figure 33 and Figure 34, the NDs in eth-
anol are still very agglomerated even after 2 hours of sonication. Big agglomeration clus-
ters are found all around the sample surface. NDs in this solution did not disperse enough
to produce even layer on top of the silicon sample. The agglomeration difference between
NDs in ethanol and other samples should not be that dramatic according to literature. In
this case, it might have effect on the study that NDs in ethanol had been mixed long time
ago when other samples were made during the process and were instantly deposited on
sample. NDs in ethanol could have precipitated to the bottom of solution and even 2-hour
sonication could not separate them properly. According to related literature and
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Table 5, NDs in ethanol is supposed to be the solution where the size of agglomerates is
the biggest. However, as mentioned earlier, the size difference should not be as big as it is
in this study. At least the agglomeration is clearly shown in comparison to other samples.
When observing Figure 33 and Figure 34, it can be seen that agglomerates are very large,
from several micrometers to 100 nanometers and no smaller particles can be seen. So, basi-
cally all NDs are agglomerated in this sample.

| WD = 3.1mm Mag= 5814 KX Time .18.08.00

200 nm EHT= 3.00 kV Signal A= SE2 Date 2 May 2017 W

Figure 33, SEM image of NDs in ethanol solution.
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Figure 34, SEM image of NDs in ethanol solution.
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8.2 Sample 2 — NDs in DI water

As can be seen from the micrographs taken of NDs in DI water (Figure 35 and Figure 36),
there are no large agglomerates visible on the sample and nanodiamonds seem to be more
evenly distributed on the surface. However, no single nanodiamond particles can be ob-
served either and almost all NDs are in smaller clusters. So, there is definitely agglomeration
present, but not as clearly as in the first sample. Agglomerated clusters seem to be from tens
of nanometers to 200 nm. It can be said that DI water is a decent solvent for NDs but smaller
agglomerate size is desired in many modern biomedical applications as mentioned earlier in
chapter 4.

200 nim EHT= 3.00 iV Signal A = SE2 Date 27 Jun 2017
I | WD= i2mm Mag= 3609KX Time :18:04:36

Figure 35, SEM of NDs in DI water




1 um

A

EHT= 3.00kV Signal A= SE2 Date ;27 Jun 2017
WD= 1.0 mm Mag= 1224 KX Time :19:20:24

Figure 36, SEM of NDs in DI water
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8.3 Sample 3 - NDs in DMSO

Next micrographs are from nanodiamonds in DMSO solution. The distribution is even better
than in the DI water, and only few bigger (>100 nm) agglomerates can be seen. Most of the
particles are very small and they could be in clusters of just few or dozen nanodiamonds.
Figure 37 and Figure 38 show that DMSO is indeed a good solvent for NDs as literature
predicted (87).

:200 nm EHT= 3.00kY Signal A= SE2 Date :27 Jun 2017

| WD= 3.0 mm Mag= 36.09 KX Time :18:02:08
Figure 37, SEM of NDs in DMSO
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Figure 38, SEM of NDs in DMSO
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8.4 Sample 4 - NDs in EG

The last sample was NDs dispersed in ethylene glycol. In this sample, the NDs are very well
distributed along the surface. Also, agglomeration rate is very low and the size of agglom-
erates is small. It is almost possible to see single ND particles on the surface or at least just
a few particle clusters can be observed. Larger agglomerates are close to 100 nm but there
are not many of them present. This was clearly the best sample when observing agglomerate
size and NDs distribution on the sample surface as seen in Figure 39 and Figure 40.

=200 nm EHT= 3.00kV Signal A= SE2 Date :27 Jun 2017
i WwD= 3.0mm Mag= 23.32KX Time :18:34:32

Figure 39, SEM of NDs in EG
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1um EHT = 3.00kV Signal A= SE2 Date ;27 Jun 2017
[ | WD = 3.0 mm Mag= 10.69 KX Time :18:31:39

Figure 40, SEM of NDs in EG
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8.5 Comparison

The results show that the solvent chosen for ND solution does make a big difference. Ac-
cording to this study the EG gave best results and DMSO was not far behind. This sounds
like a reliable result when comparing to information found in literature and values seen in
Table 5. The NDs dispersed in ethanol might have been sedimented to bottom of the sam-
ple and therefore, were not totally comparable to other solutions. Despite the problem with
ethanol sample, results were similar than in literature. Other samples had nice smooth ND
layer on top of the silicon. Diamond particles were evenly distributed on the surface and
there were no spots on sample that lacked NDs completely. Still, in all micrographs ag-
glomeration can be observed. This is because no other deagglomeration methods were
available than sonication. Also, it must be noted that deposition method can affect the
properties of the ND coatings (73). Spin-coating might cause some additional agglomera-
tion of NDs on the surface, if the layer is not evenly distributed. When inspecting Table 3
in chapter 5.2, it is seen how small ND particles are after different deagglomeration meth-
ods. It can be concluded that if single-digit nanodiamonds are wanted, then proper deag-
glomeration method should be used before dispersing NDs to solvent. Small comparison of
ND solvents used and agglomeration observed can be seen in Table 8.

Table 8, Comparison of ND solvents used in tests

Deagglomera- Agglomerate | Agglomeration
Solvent tion method Type of ND size rate
Hydrogen termi- Single ND can be
EG 99.8% 2h sonication nated DND 5nm-80 nm seen
Hydrogen termi- 10 nm - 100 Almost all ND ag-
DMSO 99% 2h sonication nated DND nm glomerated
DI water > Hydrogen termi- 20 nm - 200
99% 2h sonication nated DND nm All agglomerated
Ethanol Hydrogen termi-
99.5% 2h sonication nated DND 100 nm -5 um | All agglomerated
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9 Conclusion

In this thesis, it was shown that NDs do form tight aggregates in solution and that this ag-
glomeration can be diminished with the help of a proper choice of solvent. The literature
presumed that there are clear differences between dispersion in different solvents and those
assumptions were found to be correct. The most suitable solvents for NDs found in this study
were EG and DMSO. As high-power sonication was only deagglomeration method used,
agglomerates could still be seen in SEM micrographs. Also deposition method can have a
significant impact on the properties of the ND coating. It can be said that experimental sec-
tion worked as ND related literature had predicted. Many more effective deagglomeration
methods have been invented to pave the road for applications using single-digit ND particles.
These methods such as BASD and beads milling are crucial in the battle against agglomer-
ation. The agglomeration of NDs is mainly caused by surface functional groups and un-
wanted impurities attached to surface of diamonds. These days ND deagglomeration is
mostly handled by vendors, but in many cases the NDs agglomerate again in powder. There-
fore, when working with NDs it is important to know how deagglomeration and dispersion
methods function. As demonstrated in experimental section in chapter 7 and in results in
chapter 8.1, NDs might also form agglomerates in solution when left there for long periods
of time without sonication. Therefore, it may not be wise to use NDs in applications if solu-
tion’s production date is not available because diamond particles tend to sediment to the
bottom of solution. However, there are not many publications discussing this issue.
Nanodiamond is definitely an attractive carbon nanomaterial and a candidate for valuable
technological applications. It can be produced in bulk quantities, can be functionalized non-
covalently and covalently and so far, has not shown many biohazardous effects. (20) Another
property of NDs that promotes beneficial effects is its large specific surface area and high
affinity for adsorbing proteins, enzymes, and other biological molecules (1). Although ND
is proposed for many high impact applications there is still much to understand about the
interaction of these nanoparticles with their environment and particularly the solvent. (44).
There is a definite need for many of the planned ND applications so the research must be
continued. It is important to remember that there are no universal “nanodiamond particles”
with well-defined structure and properties as mentioned earlier in chapter 1 (13).

Another area of importance for the fields of ND applications, is the possibility of introducing
desired impurity atoms into the bulk of a DND particle and development of purposeful func-
tionalization of the surface of a DND particle (9). This is important because as mentioned
earlier, ND surface chemistry defines its properties. One potential functionalized type of
diamond is hydrogenated ND. It is a surface-conductive ND, a material with many potential
applications in electrochemistry, biomedical sensing, and nanocomposites (59). Hydrogen-
ated ND is also less likely to agglomerate than oxygenated ND.

In the recent years, an explosive growth of interest in the promising areas of research and
application of detonation nanodiamonds has happened, an aspect that reflects a general atti-
tude towards technology of carbon nanostructures and their future (9). One area of further
research is to identify the surface chemistry that is responsible for the observed redox activ-
ity of ND. This includes the study of surface modified ND, with specific surface functional-
ities either removed or blocked, for example the reduction of all surface C=0 groups to C—
OH by chemical means. (57) The future applications for nanodiamonds could include carrier
in gene therapy, drug delivery, and vaccines. Also, different types of biosensors in vitro or
in vivo may be constructed of ND photonic crystals that change color when targeted mole-
cules bind the sensor surface. (1) In addition, NDs can be used in so called “hybrid” carbon
based nanomaterials as mentioned in chapter 4.2. These combination materials have even
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better properties than any carbon material itself and can be potential sensor materials in the
near future (29).



66

Acknowledgements

The research was performed at the Micronova Nanofabrication Centre, supported by Aalto
University.



67

References:

1. SCHRAND, Amanda M., HENS, Suzanne A. Ciftan and SHENDEROVA, Olga A.
Nanodiamond particles: properties and perspectives for bioapplications. Critical reviews
in solid state and materials sciences, 2009, 34.1-2: 18-74. 2009, Vol. 34, 1-2, pp. 18 - 74.

2. ALEKSENSKIY, A., EYDELMAN, E. and VUL, A.Y. Deagglomeration of detonation
nanodiamonds. Nanoscience and Nanotechnology Letters. 2011, Vol. 3, 1, pp. 68 - 74.

3. Liu, Yu, et al. Functionalization of nanoscale diamond powder: fluoro-, alkyl-, amino-,
and amino acid-nanodiamond derivatives. Chemistry of materials. 2004, Vol. 16, 20, pp.
3924-3930.

4. KRUGER, A., et al. Unusually tight aggregation in detonation nanodiamond:
identification and disintegration. Carbon. 2005, Vol. 43, 8, pp. 1722 - 1730.

5. HOLT, Katherine B., et al. Redox properties of undoped 5 nm diamond nanoparticles.
Physical Chemistry Chemical Physics. 2008, Vol. 10, 2, pp. 303-310.

6. KHABASHESKU, V., MARGRAVE, J. and BARRERA, E. Functionalized carbon nanotubes
and nanodiamonds for engineering and biomedical applications. Diamond and Related
Materials. 14, 2005, Vol. 3, pp. 859-866.

7. LIANG, Yuejiang, OZAWA, Masaki and KRUEGER, Anke. A general procedure to
functionalize agglomerating nanoparticles demonstrated on nanodiamond. ACS nano.
20009, Vol. 3, 8, pp. 2288 - 2296.

8. MOCHALIN, V.N., SHENDEROVA, 0., HO, D. and GOGOTSI, Y. The properties and
applications of nanodiamonds. Nature Nanotechnology. 7, 2012, Vol. 1, pp. 11-23.

9. HO, D. Nanodiamonds: Applications in biology and nanoscale medicine. s.. : Springer,
2010.

10. HSIN, Yu Lin, et al. In situ de-agglomeration and surface functionalization of
detonation nanodiamond, with the polymer used as an additive in lubricant oil. Journal of
Materials Chemistry. 2011, Vol. 21, 35, pp. 13213-13222.

11. Nanodiamond-polymer composite fibers and coatings. Behler, Kristopher D., et al. 2,
2009, ACS nano, Vol. 3, pp. 363-369.

12. HVOF-sprayed nylon-11+ nanodiamond composite coatings: production &
characterization. Stravato, Antonella, et al. 5-6, 2008, Journal of Thermal Spray
Technology, Vol. 17, pp. 812-817.

13. SHENDEROVA, Olga A. and MCGUIRE, Gary E. Science and engineering of
nanodiamond particle surfaces for biological applications (Review). Biointerphases. 2015,
Vol. 10, 3, p. 030802.



68

14. Shenderova, Olga A., and Dieter M. Gruen. Ultrananocrystalline Diamond - Synthesis,
Properties, and Applications. St. Petersburg : William Andrew Publishing, 2006.

15. BUTLER, James E. and SUMANT, Anirudha V. The CVD of nanodiamond materials.
Chemical Vapor Deposition. 2008, Vol. 14, 7-8, pp. 145-160.

16. Nanotechnologies, Adamas. Nanodiamond Technology. Detonation Nanodiamond.
[Online] Adamas Nanotechnologies. [Cited: 7 11, 2017.]
http://www.adamasnano.com/technology.html.

17. VERESCHAGIN, A. L. Properties of detonation nanodiamonds. Altai Federal Scientific
(Biisk). 2005, 134.

18. PACI, Jeffrey T., et al. Understanding the surfaces of nanodiamonds. The Journal of
Physical Chemistry C. 2013, Vol. 117, 33, pp. 17256-17267.

19. Dolmatov, V. Y. Detonation synthesis ultradispersed diamonds: properties and
applications. Russian Chemical Reviews. 2001, Vol. 70, 7, pp. 607-626.

20. KRUEGER, Anke. The structure and reactivity of nanoscale diamond. Journal of
Materials Chemistry. 18, 2008, Vol. 13, pp. 1485 - 1492.

21. DOLMATOV, V. Yu, et al. Currently available methods of industrial nanodiamond
synthesis. Physics of the solid state. 2004, Vol. 46, 4, pp. 611-615.

22.20U, Q,, et al. Characterization of structures and surface states of the nanodiamond
synthesized by detonation. Materials Characterization. 2009, Vol. 60, 11, pp. 1257 - 1262.

23. OSSWALD, Sebastian, et al. Control of sp2/sp3 carbon ratio and surface chemistry of
nanodiamond powders by selective oxidation in air. Journal of the American Chemical
Society. 2006, Vol. 128, 35, pp. 11635 - 11642.

24. A.Krueger, M. Ozawa, G. Jarre, Y. Liang, J. Stegk, and L. Lu. Deagglomeration and
functionalisation of detonation diamond. physica status solidi (a). 2007, Vol. 204, 9, pp.
2881 - 2887.

25. VOLKOV, Dmitry S., PROSKURNIN, Mikhail A. and KOROBOV, Mikhail V. Elemental
analysis of nanodiamonds by inductively-coupled plasma atomic emission spectroscopy.
Carbon. 2014, Vol. 74, pp. 1-13.

26. KRUEGER, A. and LANG, D. Functionality is key: recent progress in the surface
modification of nanodiamond. Advanced Functional Materials. 5, 2012, Vol. 22, pp. 890 -
906.

27. ABDOLI, M. and ROUHAGHDAM, A. Sabour. Preparation and characterization of Ni—
P/nanodiamond coatings: Effects of surfactants. Diamond and Related Materials. 2013,
Vol. 31, pp. 30 - 37.



69

28. A.Barnard, S.Russo, I.Snook. Coexistence of bucky diamond with nanodiamond and
fullerene carbon phases. Physical Review B. 2003, Vol. 68, 7, p. 073406.

29. Laurila, Tomi, Sami Sainio, and Miguel Caro. Hybrid carbon based nanomaterials for
electrochemical detection of biomolecules. Progress in Materials Science. 2017, Vol. 88,
pp. 499-594.

30. OSAWA, E. Recent progress and perspectives in single-digit nanodiamond. Diamond
and Related Materials. 12, 2007, Vol. 16, pp. 2018 - 2022.

31. BADZIAG, P., et al. Nanometre-sized diamonds are more stable than graphite. Nature.
Vol. 343, 6255, pp. 244 - 245.

32. BUNDY, F. P., et al. The pressure-temperature phase and transformation diagram for
carbon; updated through 1994. Carbon. 1996, Vol. 34, 2, pp. 141 - 153.

33. WANG, Xiaofei, SCANDOLO, Sandro and CAR, Roberto. Carbon phase diagram from
ab initio molecular dynamics. Physical review letters. 2005, Vol. 95, 18, p. 185701.

34. NIU, Kai-Yang, et al. Laser dispersion of detonation nanodiamonds. Angewandte
Chemie International Edition. 18, 2011, Vol. 50, pp. 4099 - 4102.

35. KULAKOVA, . Surface chemistry of nanodiamonds. Physics of the solid state. 2004,
Vol. 46, 4, pp. 636 - 643.

36. CHANG, Lan-Yun, OSAWA, Eiji and BARNARD, Amanda S. Confirmation of the
electrostatic self-assembly of nanodiamonds. Nanoscale. 2011, Vol. 3, 3, pp. 958-962.

37. BARNARD, Amanda S. and STERNBERG, Michael. Crystallinity and surface
electrostatics of diamond nanocrystals. Journal of Materials Chemistry. 2007, Vol. 17, 45,
pp. 4811-4819.

38. PANICH, A. M. and ALEKSENSKII, A. E. Deaggregation of diamond nanoparticles
studied by NMR. Diamond and Related Materials. 2012, Vol. 27, pp. 45-48.

39. LARSSON, Karin. Surface chemistry of diamond. Novel Aspects of Diamond. s.I. :
Springer International Publishing, 2015, pp. 53 - 83.

40. LAI, Lin and BARNARD, Amanda S. Modeling the thermostability of surface
functionalisation by oxygen, hydroxyl, and water on nanodiamonds. Nanoscale. 2011, Vol.
3,6, pp. 2566 - 2575.

41. —. Surface phase diagram and thermodynamic stability of functionalisation of
nanodiamonds. Journal of Materials Chemistry. 2012, Vol. 22, 33, pp. 16774 - 16780.

42. LAPTINSKIY, K. A., et al. Mechanisms of ions adsorption by nanodiamonds in aqueous
suspensions. Journal of Nano-and Electronic Physics. 2013, Vol. 5, 4, pp. 4031 - 4033.



70

43. SHENDEROVA, 0., et al. Surface chemistry and properties of ozone-purified
detonation nanodiamonds. The Journal of Physical Chemistry C. 2011, Vol. 115, 20, pp.
9827 - 9837.

44, Solvent-surface interactions between nanodiamond and ethanol studied with in situ
infrared spectroscopy. INEL, Georgiana A., et al. 2016, Diamond and Related Materials,
Vol. 61, pp. 7-13.

45. TSUBOTA, Toshiki, et al. Chemical modification of diamond surface with various
carboxylic acids by radical reaction in liquid phase. Diamond and related materials. 2004,
Vol. 13, 4, pp. 1093 - 1097.

46. Gibson, N., et al. Colloidal stability of modified nanodiamond particles. Diamond and
Related materials. 2009, Vol. 18, 4, pp. 620-626.

47. PETROV, I, et al. Detonation nanodiamonds simultaneously purified and modified by
gas treatment. Diamond and Related Materials. 2007, Vol. 16, 12, pp. 2098-2103.

48. CUNNINGHAM, G., et al. Ozone-modified detonation nanodiamonds. Diamond and
Related Materials. 2008, Vol. 17, 4, pp. 650-654.

49. ARNAULT, Jean-Charles, et al. Surface chemical modifications and surface reactivity
of nanodiamonds hydrogenated by CVD plasma. Physical Chemistry Chemical Physics.
2011, Vol. 13, 24, pp. 11481-11487.

50. WILLIAMS, Oliver A., et al. Size-dependent reactivity of diamond nanoparticles. ACS
nano. 2010, Vol. 4, 8, pp. 4824 - 4830.

51. VAJAYANTHIMALA, V., et al. Nanodiamond-mediated drug delivery and imaging:
challenges and opportunities. Expert opinion on drug delivery. 2015, Vol. 12, 5, pp. 735 -
749.

52. VILLALBA, Pedro, et al. GOX-functionalized nanodiamond films for electrochemical
biosensor. Materials Science and Engineering: C. 5, 2011, Vol. 31, pp. 1115 - 1120.

53. Zhang, Xiaoyong, et al. Surfactant-dispersed nanodiamond: biocompatibility
evaluation and drug delivery applications. Toxicology Research. 2013, Vol. 2, 5, pp. 335-
342.

54. Zhu, Ying, et al. The biocompatibility of nanodiamonds and their application in drug
delivery systems. Theranostics. 2012, Vol. 2, 3, p. 302.

55. SCHRAND, Amanda M., et al. Differential biocompatibility of carbon nanotubes and
nanodiamonds. Diamond and Related Materials. 2007, Vol. 16, 12, pp. 2118 - 2123.



71

56. YEGANEH, Mahboubeh, et al. Volume fraction and temperature variations of the
effective thermal conductivity of nanodiamond fluids in deionized water. International
Journal of Heat and Mass Transfer. 2010, Vol. 53, 15, pp. 3186-3192.

57. HOLT, Katherine B. Undoped diamond nanoparticles: origins of surface redox
chemistry. Physical chemistry chemical physics. 2010, Vol. 12, 9, pp. 2048-2058.

58. WAHAB, Zahidul, et al. Effect of Nanodiamond (ND) Surface Functionalization on the
Properties of ND/PEEK Composites. IEEE Transactions on Components, Packaging and
Manufacturing Technology. 2017, Vol. 7, 2, pp. 165 - 177.

59. KONDO, Takeshi, et al. Electrical conductivity of thermally hydrogenated
nanodiamond powders. Journal of Applied Physics. 21, 2013, Vol. 113, p. 214307.

60. Maier, F., et al. Origin of surface conductivity in diamond. Physical review letters.
2000, Vol. 85, 16, p. 3472.

61. HIAN, Lau Chi, et al. Influence of thin film properties on the electrochemical
performance of diamond electrodes. Diamond and related materials. 2003, Vol. 12, 3, pp.
590-595.

62. SU, Shi, et al. Hydrogen-terminated detonation nanodiamond: Impedance
spectroscopy and thermal stability studies. Journal of Applied Physics. 2013, Vol. 113, 2, p.
023707.

63. SCHIRHAGL, Romana, et al. Nitrogen-vacancy centers in diamond: nanoscale sensors
for physics and biology. Annual review of physical chemistry. 2014, Vol. 65, pp. 83 - 105.

64. SHENDEROVA, Olga, et al. Carbon-Dot-Decorated Nanodiamonds. Particle & Particle
Systems Characterization. 2014, Vol. 31, 5, pp. 580-590.

65. FAKLARIS, O., et al. Diamond nanoparticles as photoluminescent nanoprobes.
Annales de Physique. 2007, Vol. 32, 2-3, pp. 155 - 158.

66. CHENG, C.-Y., et al. Direct and in vitro observation of growth hormone receptor
molecules in A549 human lung epithelial cells by nanodiamond labeling. Applied physics
letters. 2007, Vol. 90, 16, p. 163903.

67. MCCREERY, Richard L. Advanced carbon electrode materials for molecular
electrochemistry. Chem. Rev. 2008, Vol. 108, 7, pp. 2646 - 2687.

68. AZEVEDO, A. F., BALDAN, M. R. and FERREIRA, N. G. Nanodiamond films for
applications in electrochemical systems. International Journal of Electrochemistry. 2011,
2012.

69. SCHRAND, Amanda M., et al. Are diamond nanoparticles cytotoxic? The journal of
physical chemistry B. 2007, Vol. 111, 1, pp. 2- 7.



72

70. XING, Yun, et al. DNA damage in embryonic stem cells caused by nanodiamonds. ACS
nano. 2011, Vol. 5, 3, pp. 2376-2384.

71. Solarska-Sciuk, Katarzyna, et al. Effect of functionalized and non-functionalized
nanodiamond on the morphology and activities of antioxidant enzymes of lung epithelial
cells (A549). Chemico-biological interactions. 2014, Vol. 222, pp. 135-147.

72. Schrand, Amanda M., et al. Differential biocompatibility of carbon nanotubes and
nanodiamonds. Diamond and Related Materials. 2007, Vol. 16, 12, pp. 2118-2123.

73. Peltola, Emilia, et al. Nanodiamonds on tetrahedral amorphous carbon significantly
enhance dopamine detection and cell viability. Biosensors and Bioelectronics. 2017, Vol.
88, pp. 273-282.

74. Purtov, K. V., et al. Nanodiamonds as carriers for address delivery of biologically
active substances. Nanoscale research letters. 2010, Vol. 5, 3, pp. 631-.

75. BONDAR’, V. S., POZDNYAKOVA, I. O. and PUZYR’, A. P. Applications of
nanodiamonds for separation and purification of proteins. Physics of the Solid State. 2004,
Vol. 46, 4, pp. 758 - 760.

76. HENS, Suzanne Ciftan, et al. Nanodiamond bioconjugate probes and their collection
by electrophoresis. Diamond and related materials. 2008, Vol. 17, 11, pp. 1858 - 1866.

77.ZHAO, Wei, et al. Nanocrystalline diamond modified gold electrode for glucose
biosensing. Biosensors and Bioelectronics. 2006, Vol. 22, 5, pp. 649-655.

78. Abouzar, Maryam H., et al. Characterisation of capacitive field-effect sensors with a
nanocrystalline-diamond film as transducer material for multi-parameter sensing.
Biosensors and bioelectronics. 2009, Vol. 24, 5, pp. 1298-1304.

79. Eidi, Housam, et al. Fluorescent nanodiamonds as a relevant tag for the assessment
of alum adjuvant particle biodisposition. BMC medicine. 2015, Vol. 13, 1, p. 144.

80. Grichko, Varvara, et al. Nanodiamond particles forming photonic structures.
Nanotechnology. 2008, Vol. 19, 22, p. 225201.

81. KHAN, Muhammad, et al. Dispersion behavior and the influences of ball milling
technique on functionalization of detonated nano-diamonds. Diamond and Related
Materials. 2016, Vol. 61, pp. 32 - 40.

82. OZAWA, Masaki, et al. Preparation and behavior of brownish, clear nanodiamond
colloids. Advanced Materials. 2007, Vol. 19, 9, pp. 1201 - 1206.

83. PENTECOST, Amanda, et al. Deaggregation of nanodiamond powders using salt-and
sugar-assisted milling. ACS applied materials & interfaces. 2010, Vol. 2, 11, pp. 3289 -
3294.



73

84. TURCHENIUK, Kostiantyn, et al. Salt-assisted ultrasonic deaggregation of
nanodiamond. ACS Applied Materials & Interfaces. 2016, Vol. 8, 38, pp. 25461-25468.

85. TOMCHUK, Oleksandr V., et al. Structural characteristics of aqueous dispersions of
detonation nanodiamond and their aggregate fractions as revealed by small-angle
neutron scattering. The Journal of Physical Chemistry C. 2014, Vol. 119, 1, pp. 794-802.

86. SHENDEROVA, 0., et al. Nanodiamond and onion-like carbon polymer
nanocomposites. Diamond and Related Materials. 2007, Vol. 16, 4, pp. 1213 - 1217.

87. SHENDEROVA, 0., HENS, S. and MCGUIRE, G. Seeding slurries based on detonation
nanodiamond in DMSO. Diamond and Related Materials. 2010, Vol. 19, 2, pp. 260 - 267.

88. Fairhurst, David. Overview of Zeta Potential Concept, Measurement Use, and
Applications. 2011.

89. PETROVA, N,, et al. Interpretation of electrokinetic measurements of nanodiamond
particles. Diamond and Related Materials. 2012, Vol. 30, pp. 62-69.

90. GAREEVA, F., et al. Electrokinetic properties of detonation nanodiamond aggregates
in aqueous KCl solutions. Colloids and Surfaces A: Physicochemical and Engineering
Aspects. 2014, Vol. 440, pp. 202-207.

91. Aggregation of particles in ultradispersed diamond hydrosols. CHIGANOVA, G. A. 2,
s.l. : New York: Consultants Bureau, 2000, Colloid Journal-Official English Translation of
Kolloidnyi Zhurnal, Osa/vuosik. 62, ss. 238 - 243.

92. BALAKIN, Konstantin V., SAVCHUK, Nikolay P. and TETKO, Igor V. In silico approaches
to prediction of agueous and DMSO solubility of drug-like compounds: trends, problems
and solutions. Current medicinal chemistry. 2006, Vol. 13, 2, pp. 223 - 241.

93. FAWCETT, W. Ronald. Liquids, solutions, and interfaces: from classical macroscopic
descriptions to modern microscopic details. s.l. : Oxford University Press, 2004.

94. BONDAR’, V. S. and PUZYR’, A. P. Nanodiamonds for biological investigations. Physics
of the Solid State. 2004, Vol. 46, 4, pp. 716-719.

95. Physics and applications of dip coating and spin coating. SCRIVEN, L. E. s.I. :
Cambridge University Press, 1988. MRS proceedings. p. 717. 121.

96. TZENG, Yan-Kai, et al. Superresolution Imaging of Aloumin-Conjugated Fluorescent
Nanodiamonds in Cells by Stimulated Emission Depletion. Angewandte Chemie
International Edition. 2011, Vol. 50, 10, pp. 2262-2265.

97. Gibson, Natalie M., et al. Electrostatically mediated adsorption by nanodiamond and
nanocarbon particles. Journal of Nanoparticle Research. 2012, Vol. 14, 3, p. 700.



74

Appendix 1

Nanodiamonds used in experimental section.

Carbodeon uDiamond® Andante specific characteristics of the solid material in dispersion:
Nanodiamond crystal size 4.2 = 0.5 nm

Nanodiamond content > 97 wt.%

Oxidisable carbon content < 2.5 wt.%

Metallic incombustible impurity content < 1.2 wt.%

Crystal lattice constant 0.3573 + 0.0005 nm

Carbodeon uDiamond® Andante specific characteristics in the dispersion:
pH stability of dispersion 3-6

Concentration of nanodiamonds in dispersion 5 wt. %

Zeta potential: positive



