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Abstract
The present thesis is organized into eleven chapters. The first chapter presents a
general introduction of nanodiamonds, the state of art on the study of their water
adsorption, hygroscopic behavior and influence of water adsorption on their electrical
conductivity, and the justification of this research. The second chapter gives basic
knowledge of gas adsorption as a means of evaluating the pore structure of nanodiamond
aggregates. Chapters three, four, six, seven and eight are based on published papers. The
third chapter presents the characterization of nanodiamond aggregates by scanning
electron microscopy, transmission electron microscopy, electron energy loss spectroscopy,
X-ray diffraction, X-ray photoelectron spectroscopy, adsorption of nitrogen at 77 K and
water at 298 K. This characterization shows that nanodiamonds are porous aggregates of
sp3-hybridized carbon particles surrounded by sp2-hybridized graphene-like carbon
(partially oxidized graphene-like carbon). The adsorption and molecular simulation
studies elucidated the origin of the hygroscopic nature of nanodiamonds; the hygroscopic
nature of nanodiamonds stems from hydrophilic mesopore walls having surface
functionalities and ultramicropores between the graphitic shell and nanodiamond particle.
The fourth chapter shows the influence of thermal heating (423 K to 623 K) for 2 h on
the selective sites for water adsorption in nanodiamond aggregates, showing that the
higher the heating temperature in vacuo, the larger the amount of water-selective
adsorption sites. The fifth chapter presents the influence of thermal heating for 52 h on
the pore structure of nanodiamond aggregates. The prolonged heating (423 K for 52 h)
induces an anomalous water adsorption behavior due to pre-removal of strongly bound
water molecules from nanodiamonds. The sixth chapter compares the hygroscopic nature
of nanodiamonds and other well-known materials. The water absorption capacity of
nanodiamonds is comparable to that of the clay Montmorillonite and higher than those of
the zeolites ZSM-5 and molecular sieve 5A. The seventh chapter shows the changes in
the electrical conductivity of pre-adsorbed water nanodiamonds. The eighth chapter
shows a supplementary study on water adsorption on SWCNH, which gives the key to
understand the hygroscopic behavior of nanodiamonds. The ninth chapter is about the
determination of the nanodiamond structure more accurately by SAXS, which is essential
to understand the hygroscopic nature of nanodiamonds. The tenth and eleventh chapters
show general conclusions and the scientific products from the present research.
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Preface
This thesis presents the research work performed during the period of the PhD
program, organized in several chapters, as indicated below:

The first chapter is a general introduction to nanodiamonds. It gives a general idea
of nanodiamonds and the state of art on the study of their interfacial properties of water
adsorption and hygroscopic nature, as well as how these properties influence electrical
conductivity. The justification, scope and aim of this research thesis, as well as a general
research methodology, are explained at the end of the chapter.

The second chapter gives the reader basic knowledge of adsorption as a means of
evaluating the pore structure of nanodiamond aggregates based on nitrogen, argon and
water adsorption isotherms. It presents fundamentals, technical recommendations and a
general methodology to assess the pore structure analysis.

The third chapter presents elementary nanodiamond aggregates characterization by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), electron
energy loss spectroscopy (EELS), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), nitrogen and water adsorption isotherms at 77 K and 298 K,
respectively. Afterward, it deals with the identification of water adsorption sites in the
nanodiamond aggregates, through adsorption experiments and simulations.

The fourth chapter is about the influence of thermal heating (423 K to 623 K); for
a short time; in the selective sites for water adsorption in nanodiamond aggregates, which
donate the hygroscopic nature of nanodiamonds.



The fifth chapter is an extension on the research of the influence of thermal heating
for a longer time in the pore structure of nanodiamond aggregates, identified as sites for
water adsorption. This has a great impact on the nanodiamonds ability to retain water.

The sixth chapter shows the extent of the hygroscopic nature of nanodiamonds
compared to that of other well-known porous materials.

The seventh chapter discusses the impact of the hygroscopic nature of
nanodiamonds and water affinity in their electrical conductivity.

The eighth chapter shows a supplementary study on water adsorption on single-wall
carbon nanohorns (SWCNH), which gives the key to understand the hygroscopic
behavior of nanodiamonds.

The ninth chapter is about the determination of the nanodiamond structure more
accurately by SAXS, which is essential to understand the hygroscopic nature of
nanodiamonds.

The tenth chapter gives a summary and conclusions of the present research. It
summarizes the progress in the analysis of the hygroscopic nature of nanodiamonds and
gives perspectives of the fundamental research presented in this thesis.

Finally, the eleventh chapter lists the scientific contributions resulted from the
present doctoral research; indexed scientific publications and attendance to conferences.
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Chapter 1
1. General introduction

1.1 Allotropes of carbon
Nature presents many different forms of carbon, many others have been produced
synthetically by man through time. Carbon materials are classified in ordered and
disordered depending upon the crystal structure. Ordered carbon is found commonly
as graphite or diamond. Graphite is composed of several layers of hexagonal lattices,
having the conducting character of a semimetal. Diamond possesses a crystal structure
resembling two interpenetrated faces centered cubic lattices displaced ¼ along the x,
y and z directions, being the hardest material and exhibiting a wide band; electrical
insulator. Fullerenes; formally discovered in 1985; may also be found in small
quantities in nature. The most stable of this family is C60; having a structure that
resembles a truncated icosahedron with twenty hexagons and twelve pentagons.
Nanotubes are tubes formed by the rolling of a single hexagonal lattice in a
determined direction. Amorphous carbon is free and reactive carbon that does not
have any crystalline structure (contains microscopic amount of graphite-like carbon
and/or diamond-like carbon). It might contain hydrogen terminations to stabilize
dangling-π bonds. Recently, nanodiamonds; nanoscale diamonds that conserve many
diamond properties but at the nanoscale size; have emerged as a new type of carbon
to be investigated. The frame structure of all these materials is represented in Figure
1-1.



(f)

Figure 1-1. Carbon allotropes: (a) graphite, (b) diamond, (c) buckminsterfullerene, (d)
carbon nanotube, (e) amorphous carbon and (f) nanodiamonds. (Image adapted from
reference 1).

Porous carbons are nanoporous materials with a regular, porous structure, whose
pores sizes are about 100 nm or less. Figure 1-2 shows some of the representative porous
materials. Although activated carbons are the classical example of porous carbons, other
materials are also porous due to the intraparticle or interparticle pores, for example,
zeolites, clays and nanodiamond particles in the form of aggregates. Porous carbon
materials are of interest because of their capability to store molecules being used as filters,
in catalysis, as sensors, etc.2,3 Each porous material possess specific characteristics that
give it unique properties. Properties at the interface of nanodiamonds; known as
interfacial properties; are still in research to exploit their whole properties.




Figure 1-2. Representative porous materials: carbons such as activated carbon and
nanodiamond, silica gel, clays as Montmorillonite, and zeolites such as ZSM-5, molecular
sieve 5A and mordenite.

1.1.1 Nanodiamonds
Origin of nanodiamonds dates back to 1960s, when Soviet scientists obtained them as
a product of detonation of carbon molecules of explosives in presence of an inert gas or
water.4 Nowadays, nanodiamonds are produced by several routes such as detonation,
plasma-assisted chemical vapor deposition (CVD), 5 electron irradiation of carbon
“onions”,6 ion irradiation of graphite,7 and high-energy ball milling at high-pressure and
high-temperature (HPHT).8 Detonation nanodiamonds are the most widely used, among
them.




1.1.1.1 Detonation nanodiamonds
Detonation synthesis consists in the explosion of compounds with a negative oxygen
balance; for example a mixture of 60 wt.% TNT (C6H2 (NO2)3CH3) and 40 wt.% hexogen
(C3H6N6O6) inside a detonation chamber in an atmosphere of N2, CO2 and liquid or solid
H2O, as seen in Figure 1-3a. Afterward, diamond-containing soot is collected from the
bottom and the walls of the chamber. Synthesis of nanodiamonds requires specific
conditions of temperature and pressure, as seen in the phase diagram in Figure 1-3b. The
most stable phase of carbon is graphite at low pressures, and diamond at high pressures,
with both phases melting at temperatures above 4500 K (with the precise melting
temperature for each phase depending on the pressure). The phase diagrams for nanoscale
carbon are similar, but the liquid phase is found at lower temperatures. During detonation,
the pressure and temperature rise instantaneously, reaching the Jouguet point (point A),
which falls within the region of liquid carbon clusters of 1–2 nm in size for many
explosives. As the temperature and pressure decrease along the isentrope (red line),
carbon atoms condense into nanoclusters, which further coalesce into larger liquid
droplets and crystallize. When the pressure drops below the diamond-graphite
equilibrium line, the growth of diamond is replaced by the formation of graphite. Figure
3c shows the different phases of nanodiamond formation during synthesis; starting from
the decomposition of explosives by the detonation wave and ending with the
crystallization and agglomeration of nanodiamonds. 9,10




Figure 1-3. Detonation synthesis of nanodiamonds. (a) Mixture of TNT (C6H2
(NO2)3CH3) and hexogen (C3H6N6O6) in a detonation chamber with an atmosphere of N2,
CO2 and liquid or solid H2O. A nanodiamond aggregate is shown in the lower part. (b)
Phase diagram of the diamond formation. (c) Scheme of the detonation wave propagation
during the synthesis of nanodiamond in a detonation chamber. (I) the front of the shock
wave caused by the explosion; (II) the zone of chemical reaction in which the explosive
molecules decompose; (III) the Chapman–Jouguet plane (where P and T correspond to
point A in Fig. 1b), indicating the conditions when reaction and energy release are
essentially complete; (IV) the expanding detonation products; (V) the formation of carbon
nanoclusters; (VI) the coagulation into liquid nanodroplets; and (VII) the crystallization,
growth and agglomeration of nanodiamonds. (Image from reference 10).

Nanodiamonds produced by detonation consist of polyhedral particles of sp 3hybridized carbon with a mean diameter around 4 nm.11,12 These polyhedral particles tend
to form aggregates of 50-500 nm in diameter, leaving inter-granular gaps that form a
porous structure,13,14 as seen in Figure 1-4. Nanodiamonds particles are wrapped with
graphene-like films of sp2-hybridized carbon atoms or amorphous carbon layers. 15,16



Figure 1-4. Representation of a nanodiamond aggregate showing sp2 and sp3 carbon, and
pores.

Raman spectrum of nanodiamonds shows a signal at about 1330 cm-1 corresponding
to diamond bonds and the G band near 1580 cm-1 due to the C-C stretching bonds in
graphitic carbons,17 as shown in Figure 1-5.

Figure 1-5. (a) TEM image of nanodiamond aggregates prepared by detonation method
and (b) Raman spectra of carbon black and nanodiamonds formed by irradiation. (Image
adapted from reference 17).

The elemental composition of nanodiamonds is examined by XPS analysis showing
that the major component is carbon. In addition, 3% of oxygen and 1% of nitrogen are
included. The presence of oxygen comes from the purification treatments and aggregate



disintegration by oxidation with acids and bead milling. Such oxygen is located on the
surface as oxygen-containing functional groups, while nitrogen comes from the
precursors used during the synthesis and locates mainly in the core.11,18

Properties of nanodiamonds depend on the method and conditions of synthesis. A
general view of the properties of nanodiamonds is presented in Figure 1-6.

Figure 1-6. General characteristics of nanodiamonds and remarkable applications.

1.1.1.2 Importance and uses of nanodiamonds
Since their discovery and recently after the successful development of detonation
nanodiamond particles of about 3-4 nm in diameter by Ōsawa et al. (2007),12 worldwide
studies have been carried out on them. Figure 1-7 shows some of the applications of
nanodiamonds nowadays. For example, use of functionalized nanodiamonds as
chemotherapeutic drug carriers taking advantage of their greater biocompatibility
compared to other nanocarbon materials, use in the fabrication of solar cells to increment
their efficiencies, as bio labels due to their photo-luminescent properties, and as additives



to enhance mechanical or thermal properties. 10,13,19–22 It is worthy to say that the above
mentioned and many other of the plausible applications of nanodiamonds depend on their
properties and the result of their manipulation.

Figure 1-7. Several current uses of nanodiamonds. (Image adapted from references
10,23–27).



1.2 Interfacial properties
Interfacial properties of a material refer to their attributes, qualities, or characteristics
that are related to or form a common boundary between two portions of matter or space.
Hygroscopic property of nanodiamonds is addressed in the present research work.

1.2.1 Hygroscopic nature of nanodiamonds
Hygroscopic property refers to the ability of a material to absorb or release water as
a function of humidity (ie. water activity). Specifically, in porous materials, this water
should be retained in their structure, depending on their hydrophilic characteristics,
texture and the arrangement of particles. 28

Nowadays, water studies on nanodiamonds are of special interest because the vast
majority of research involves water interaction, for their potential application on water
recovery taking advantage of their physicochemical properties, as well as by their
potential use as a model to explain water-material associations that exist in nature.20,29–32
Some organisms have the ability to trap water and use it for their own benefit. Recent
studies have shown that plants, such as the desert moss Syntrichia caninervis survives the
dryness of its environment by collecting water from the moist air and transporting it
through a hair-like structure in its leaves.33 A similar process occurs in animals such as
the Stenocara beetle, which lives in the desert and survives in the aridity by drinking
water that collects from mist by using its wings and then rolling it out. In order to reach
its goal, this beetle lifts up its back to the wind direction to capture water droplets
suspended as mist due to the affinity of the hydrophilic sites on its back. Through time,
more droplets adhere to the same sites and grow bigger until they reach a critical size, and



then roll out from the hydrophobic background where the hydrophilic humps are
situated.34 In a similar way, nanodiamonds could be used to explain the mechanism by
which mist water is harvested from the air and transformed into droplets by some
organisms. Besides, certain animals can survive arid conditions by taking advantage of a
natural mechanism to retain water; such as camels in the desert. 35 Thus, in order to
understand the mechanism of water collection in living organisms, research on materials
with both hydrophilic and hydrophobic surfaces has been conducted. For example,
vertically aligned multi-walled carbon nanotube forests (NTF) with one hydrophilic and
one hydrophobic side, mimicked structures in Stenocara beetle to harvest water.36

First, it is necessary to carry out fundamental research on the physical and chemical
properties involved in the interactions of nanodiamonds with water and the role of
structural parameters in order to understand their behavior in the presence of water.
Porosity of materials, known as well as structural parameters of materials, are widely
described by means of nitrogen adsorption.37,38 Lately, the use of argon; a spherical and
nonpolar molecule; is being implemented because interactions between argon atoms can
be more easily described than those involving diatomic nitrogen molecules with
quadrupole, resulting in more sensitive measurements through the description of smaller
porous dimensions due to its small molecular size.39,40 Water affinity of a material can be
indicated indirectly by means of water adsorption, but mainly by measurements of water
contact angle.41 Adsorption of water refers to the adhesion of water molecules to the
surface of the adsorbent material. So far, few attempts to analyze deeply water adsorption
on nanodiamonds are described. For example, adsorption of water on nanodiamond
particles with a modified surface by the introduction of chlorinated species, carboxylate



and amine groups showed that their ability to adsorb water, and to aggregate, depends on
the energy and chemical state of their surface and the intra and inter-particle porous
structure. As supportive evidence, adsorption of benzene vapor (of different polarity than
water) was conducted in that study.42 Aside, detonation nanodiamonds have been reported
to adsorb water from 0.03 g g-1 to about 0.24 g g-1 depending on their post-purification
treatments.43 Carbon nanohorns adsorb water on micropores and small mesopores of less
than 5 nm in diameter.45–47 FTIR observation of the adsorption of water on non-modified
nanodiamonds and modified by different oxidative treatment under gasses and high
temperature shows that water can be easily adsorbed forming hydrogen bonding on the
sites of acid or base Lewis of oxidized nanodiamonds.44 To this date, limited
understanding of the physicochemical properties involved in the adsorption mechanism
that governs the adsorption of water still exists. The ability of water molecules to be
adsorbed in narrower spaces than nitrogen molecules could be used as a way to
characterize the small porosity of a material.

One of the ways to elucidate the water sorption onto materials is defining the water
surface tension of the material, which is an indicator of wettability. Water contact angle;
the angle of the liquid on a solid surface; well defines the hydrophilic (or hydrophobic)
character. In that regard, the air-water contact angles of polished diamond faces were
reported to be 75.9o (for the diamond face 111) and 71.0 o (for the diamond face 110).48
The contact angle for as-grown un-doped nanocrystalline diamond films in air at room
temperature was 73 ± 3°.49 The contact angle of chemical vapor produced nanodiamonds
was reported lower than that of graphite. It should be noted that these nanodiamonds have
sensitive surface chemistry (oxidized 32o and reduced 93o).50



1.2.2 Wettability of some well-known porous materials
Former observations showed that nanodiamond pellets could absorb water at a faster
rate than graphite ones. A droplet of water on a graphite pellet required at least 200
seconds to disappear, while for a nanodiamond pellet required only a few seconds (to be
absorbed by the nanodiamond structure). However, a fair comparison should compare
quantitatively the wettability of nanodiamond pellets to that of other representative wellknown porous materials, in order to give a better insight on the wettability efficiency. The
most studied materials for water absorption are microporous materials, as inorganic
zeolites or silica gels, as well as activated carbon. Silica gels (SiO2_xH2O) are widely
studied due to their high affinity towards water vapor, large water sorption at low humidity,
low price and easy regeneration. Previous research reported that silica aerogel,
CaCl2/SiO2 aerogel, alumina aerogel, and CaCl2/SiO2 xerogel exhibited high water
sorption capacity; 1.35, 1.27, 1.25 and 1.17 g g-1, respectively. Meanwhile, zeolites
showed high water sorption due to their electrostatic charged framework and the
abundance of extra-framework cations. For example, zeolites of 12-rings size, like ZSM20, Mg-X, Mg-Y, LiNa-X, Li-Y showed high water sorption capacity (0.46, 0.45, 0.42,
0.38 and 0.36 g g-1), and 0.34 g g-1 for Na-Y, Ca-Y and Na-X.28 Adsorption of water on
activated carbon fibers (ACF) was reported as dependent on the pore size; the larger the
pore, the greater the adsorption.51,52 So then, ACF-20 showed an adsorption amount of
water of about 0.7 g g-1.53 Similarly, inorganic clays are described as highly hydratable
substances that swell in the presence of water. Montmorillonite; an alumino-silicate clay
containing silica tetrahedral external layers; is highly hydratable; 0.4 g g-1 of water were
adsorbed by Na-montmorillonite.54–56




1.2.3 Influence of surface oxygen functionalities on water adsorption of carbon
Oxidation treatments introduce oxygen-containing functionalities to materials, which
influence water adsorption behavior. Then, it could cause the same effect for the
absorption of water. On one hand, chemical oxidation by hydrogen peroxide (H2O2) and
nitric acid (HNO3) have gained attention. For example, surface oxygen groups were
successfully donated to activated carbon (AC) treated under those oxidative agents57 and
carbon nanotubes (CNT) were selectively oxidized by H2O2.58,59 An acid treatment of
Single-Walled Carbon Nanotubes (SWCNTs) using HNO3/H2SO4 derived in the
introduction of oxygen functionalities to SWCNTs. 60 On the other hand, gas oxidation
process is an alternative treatment to modify the surface chemistry of nanodiamonds
without using aggressive chemicals. In this sense, air used as an oxidant of nanodiamonds
has been widely reported. The used gas modifies the nanodiamond surface depending on
the temperature applied, due to the removal of different materials from the diamond
surface. For example, temperatures in the range of 673 to 703 K under air atmosphere
oxidize sp2-bonded carbon, ergo, selective removal of sp2-hybridized carbon, preserving
the complete sp3-hybridized carbon structure (or with minimal loss of diamond). 61,62 The
purification process of nanodiamonds by using acids partially oxidize their outer
graphene-like layer, even when they are no further oxidized.61 It is worthy to mention that
the oxidation state of carbons influences other properties such as water adsorptivity in
activated carbons.63

1.2.4 Overview of previous studies about water adsorption on nanodiamonds
Nanodiamonds tend to be hydrated when they are exposed to humid air. 31,43,44,64
Complementary, thermal programed desorption analysis shows the evolution of water



from nanodiamonds when heating.44

Commercial detonation nanodiamonds reveal the presence of mesopores by using the
standard Barrett, Joyner, Halenda (BJH) method. The primary nanodiamond particles
form a porous network with voids smaller and larger than the particles itself, readily
available for water,13 as seen in Figure 1-8 of the nitrogen adsorption isotherms and the
corresponding pore size distributions. There, the authors addressed the porosity of the
nanodiamond aggregates by using the BJH method. This method determines the pore size
distribution of a mesoporous solid based on the Kelvin equation. Nowadays, it is outdated
due to the heterogeneity of the carbon sample; instead, the IUPAC recommends using the
Density Functional Theory (DFT) method and the comparison method હs-plot to obtain
more accuracy on the hierarchical pore structure and pore size distribution.

Figure 1-8. Nitrogen adsorption (red)-desorption (blue) isotherms at 77 K of (a) dry
powder and (b) commercial diamond nanoparticles (agglutinates). (c) BJH analysis of the
desorption isotherms of (a) dry powder and (b) commercial diamond nanoparticles
(agglutinates). (Image adapted from reference 13).



Denisov et al. (2013)65 showed water adsorption isotherms of nanodiamonds (only
the adsorption branch) and suggested a model of the primary adsorption centers (PAC),
as seen in Figure 1-9a and Figure 1-9b, respectively. The authors stated that water
adsorption begins starting from the interaction of water molecules with these PACs.
Oxygen-containing surface functional groups on the material, on which water molecules
primarily adsorb, can appear as PACs. Water molecules adsorbed on PACs themselves
then begin to act as secondary adsorption centers. During adsorption of water molecules
on a carbon adsorbent surface, clusters from associated water molecules are formed
around individual PACs, as shown in Figure 1-9b (upper), clusters merge with the
formation of a continuous aqueous film when the distance between them is less than 3
nm, as seen in Figure 1-9b (down). Here, the authors suggested that the sites of strong
water vapor adsorption on nanodiamonds are surface functional groups, following a
similar mechanism like in the activated carbon case. Nevertheless, the pore structure of
nanodiamond aggregates was not considered in the proposed mechanism of water
adsorption for oxygen-containing nanodiamonds.

Figure 1-9. (a) Isotherms of water-vapor adsorption at 293 K on initial and chlorinated
nanodiamonds. (b) Scheme of filling of carbon adsorbent surface by water. (Image from
reference 65).



Petit et al. (2017)66 experimented with dry nanodiamonds exposed to liquid water, dry
air and finally to humid air (Figure 1-10a). FTIR analysis evidenced that exposure to air
of nanodiamonds previously wetted with liquid water, could not remove completely the
water hydration layer deposited on nanodiamonds, especially for the case of hydrogenated
nanodiamonds, as shown by the differences between the solid and dashed green lines, in
the FTIR of Figure 1-10b. In hydrogenated nanodiamonds, a long-range disruption of the
water hydrogen bond network is associated with hydrogenated surface groups, which
could be the consequence of electron accumulation at the hydrogenated diamond−water
interface.

Figure 1-10. (a) Sequence of FTIR measurements of nanodiamonds (NDs) in the ATR
cell. Step 1: NDs are dried overnight and measured under dry air flow. Step 2: NDs are
exposed to liquid water. Step 3: NDs are exposed to dry air for a few minutes. Step 4:
NDs are exposed to humid air. (b) Comparison of normalized FTIR spectra in the OH
bending vibration region between NDs at step 1 (solid) and step 3 (dashed). (c) FTIR
difference normalized spectra between steps 4 and 3. (Image from reference 66).



In summary, studies on the interactions of nanodiamonds with the solvent water
indicates that hydrogenated or oxidized nanodiamonds show different interaction with
water; highlighting the surface functionalities and/or the electron accumulation effect as
responsible of the water affinity in oxidized and/or hydrogenated nanodiamonds.67
Studies have shown that nanodiamonds have the ability to adsorb water, as mentioned
above. Then, fundamental research about porosity and adsorption properties of
nanodiamond aggregates, as well as the hygroscopic nature must be conducted to draw
an inclusive mechanism of the hygroscopic nature of nanodiamonds, in order to exploit
the properties dependent of water adsorption. Therefore, our present research introduces
the pore structure analysis to the explanation of the water affinity of nanodiamonds.

1.2.5 Influence of water in the electrical conductivity of carbon materials
Diamond; a monocrystal of carbon; has the physical properties of a wide bandgap
semiconductor.68 Diamonds at nanoscale should share this property. Semiconductors can
be applicable to power device technology, electronic circuits, control of electrical current,
to mention some. For example, a nanodiamond field-emitter array diode and device
electrodes were developed for high power applications. 27 Electrical properties of
nanodiamonds have been studied. Typical values of electrical conductivity of detonation
nanodiamonds are in the range of 10-7 Ω-1 cm-1 to 10-12 Ω-1 cm-1 69 Electrical conductivity
is influenced by the presence of defects, impurities or dopants: oxygen, nitrogen, boron,
phosphorus and adsorption of H2O, O2 or CO2. In addition, the electronic properties of
hydrogenated diamond and other carbon materials are sensitive to adsorption of water
from the surrounding environment.70,71 Single-wall carbon nanotubes annealed in vacuo
may change the dominant charge carrier from electrons to holes when exposed to air at



room temperature.72 Recently, it was suggested that nanodiamonds are a novel candidate
for the development of a quartz crystal microbalance humidity sensor using them to
produce sensing films.73 Besides, electrical conductivity measurements are an indirect
way of evaluating the presence of water in the nanodiamond assembly.




1.3 Justification of the thesis research
A projection from the United Nations Environment Program indicates that severe
water shortages will affect 4 billion people by 2050 increasing the need for water research.
Fundamental research on water adsorption on carbons is vital because carbon has a vast
family of different structures and properties that influence water affinity. It has been more
than 50 years since the discovery of detonation nanodiamonds (the 1960s). Even though,
their fundamental understanding requires improvement to exploit more applications. The
pre-treatment of materials through an extensive adsorption study is necessary since the
existing water in materials could cover their pores potentially used for adsorption of target
substances.

The planet has been managing water for 3.8 billion years in natural ways, like those
present in some plants and organisms that survive in dry areas. Nanodiamond aggregates
have the potential for harvesting and retention of water. Therefore, useful nanodiamondbased devices to produce drinking water in dry areas or places with a low supply of
potable water could be designed in the future. Moreover, a deeper understanding of the
hygroscopic property of nanodiamonds could help to explain natural mechanisms of
water capture by insects, plants and animals.

Furthermore, water contained in nanodiamonds must influence other properties such
as electrical conductivity where they could be used in the area of sensors.




1.4 Hypothesis and research questions
The hygroscopic nature of nanodiamonds is ascribed to the mesostructure of their
aggregates and/or the special core-shell structure of each nanodiamond particle
(hierarchical structure or their wrapping graphitic layer).

Does the hygroscopic ability of nanodiamonds depend on the hierarchical porosity?

This hypothesis will be addressed by an extensive porosity analysis based on
adsorption isotherms of various adsorptives. Complementary analysis using X-ray
diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Electron Energy Loss
Spectroscopy (EELS) and Fourier-transform infrared spectroscopy (FTIR) will elucidate
the association among these characteristic structures with the hygroscopic property of
nanodiamonds.

The pore structure of materials contributes to the potential to retain fluids such as
water, and later water can influence other properties, as it was described before. Is it
possible that contained or adsorbed water by nanodiamonds influence other properties
such as electrical conductivity of nanodiamonds?




1.5 Purpose of the present study
This research proposal aims to elucidate the origin of the hygroscopic nature of
hydrophobic nanodiamonds and the effect of this property in the electrical conductivity
of nanodiamonds.

In order to address the general objective, the next specific question must be answered.
Why hydrophobic nanodiamonds exhibit pronounced hydrophilic nature?




1.6 General methodology
First, deeply understanding the pore structure of nanodiamonds is necessary.
Nanodiamond hard-hydrogel of average particle diameter of 4 nm, obtained from NanoCarbon Research Institute, Ltd., Japan, will be used during the experiments. Therefore, a
study on the porosity of nanodiamonds, by analyzing adsorption isotherms of distinct
adsorptive gasses (nitrogen and argon) using a volumetric method will be performed.
Such study will help to elucidate the role of intra and inter-particle voids in nanodiamonds
particles in the adsorption of different molecules, and together with TEM observations
will reveal the structure and dimensions of nanodiamond aggregates in the experimental
sample. Likewise, the description of the structure of nanodiamond aggregates will be
addressed theoretically, since it is decisive in their pore structure.

1.6.1 Study of hygroscopic nature of nanodiamonds
Firstly, the hygroscopic nature of nanodiamonds must be examined by a careful water
absorption experiment. Then, this property will be studied experimenting on
nanodiamonds pellets of known density produced by stacking together finely grounded
nanodiamonds powder by applying hydraulic pressure. Specifically, liquid water will be
added as droplets on those structures. Then, changes in the dimensions of the droplet on
the pellet through time from time zero to its disappearance, as well as the amount of liquid
water absorbed by the pelletized materials will be examined. Dimensions of the droplets
will be obtained by analysis of the water contact angle.

Secondly, a careful comparison of the hygroscopic nature of nanodiamonds and that
of several representative well-known porous materials with different hydrophilicity



characteristics will be conducted. Graphite, silica gel, zeolites such as mordenite and
ZSM-5, molecular sieve 5A, and the clay Montmorillonite, will be tested for this purpose.
The comparison will be based on information about water contact angle, pore structure
obtained by nitrogen adsorption at 77 K and argon at 87 K, and morphologic
characterization of the materials by means of SEM microscopy.

1.6.2 Physicochemical characterization
Thirdly, the hygroscopic nature of nanodiamonds may be ascribed to the
mesostructure of their aggregates or the special core-shell structure of primary particles
of nanodiamonds (or a secondary arrangement or their wrapping structure). Nitrogen and
water adsorption, XRD, XPS and EELS by TEM studies on nanodiamonds will be mainly
used to elucidate the possible association among these structural factors with the
hygroscopic property. Besides, the study of water adsorption behavior on carbon
nanohorns of different nanoporosities will contribute to the understanding of the water
adsorption mechanism on nanodiamonds including the pore structure.

1.6.3 Relevance of water on the electrical conductivity of nanodiamonds
Finally, the influence of water in nanodiamonds on other properties will be examined,
as a means of indirect evaluation of water content in nanodiamonds. The changes in
electrical conductivity will be evaluated with the variations of relative humidity generated
by a sprinkler in a closed chamber.




1.7 Applicability of the present research
This doctoral research studies the interfacial property of the hygroscopic ability of
nanodiamonds considering the pore structure. The development of nanodiamonds with
properties of absorption of water would allow their application on the retention of water
like occurs in nature; some insects in nature, desert animals, and human nose function,
etc. The hygroscopic property of nanodiamonds can be applied as an alternative for
providing water to places of low accessibility of potable water. The mechanism of the
hygroscopic nature of nanodiamonds can be exploited to design a new type of porous
carbons exhibiting hydrophobic to hydrophilic property transformation.
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Chapter 2
2. Fundamentals of adsorption
The sorption capacity of a material depends on several factors; total volume, internal
surface area, pressure and temperature. The existence and development of nanoporous
materials of uniform pore structures have requested high-resolution experimental
protocols for the adsorption of various subcritical fluids (nitrogen at T = 77 K, argon at T
= 87 K, carbon dioxide at T = 273 K) and novel procedures for more accurate data analysis
of porosity. Following accurately the gas physisorption methodology and understanding
the advantages and limitations of using physisorption techniques for the study of pore
structures and surface areas become essential. Hence, this section includes a brief
summary of the fundamentals of adsorption.

2.1 General definitions and terminology
Adsorption. Enrichment of molecules, atoms or ions near an interface. Adsorption
takes place in the vicinity of the solid surface and outside of the solid structure in gas/solid
systems. The material in the adsorbed state is known as the adsorbate, while the
adsorptive is the same component in the fluid phase.

Types of adsorption
-

Physisorption: Physical adsorption. Occurs whenever an adsorbable gas (the
adsorptive) is in contact with the surface of a solid (the adsorbent) due to particular
geometric and electronic properties of the adsorbent and adsorptive. The



intermolecular forces involved are attractive dispersion forces, short-range
repulsive forces, specific molecular interactions (e.g., polarisation, field-dipole,
field gradient- quadrupole).

-

Chemisorption: Chemical adsorption. Occurs due to intermolecular forces that
lead to the formation of chemical bonds.

Adsorption space. Space occupied by the adsorbate.

Absorption. Occurs when the molecules of the adsorptive penetrate the surface layer
and enter the structure of the bulk solid. The terms sorption, sorbent, sorbate and sorptive
must be used when it is impossible to distinguish between adsorption and absorption.

Desorption. The converse process of adsorption, in which the amount adsorbed
progressively decreases as the relative pressure P/P 0 decreases.

Adsorption hysteresis. Adsorption and desorption curves do not coincide.

Adsorption isotherm. Relation, at a constant temperature, between the amount
adsorbed, na and the equilibrium pressure of the gas. At an adsorption temperature below
the critical point, one usually adopts the relative pressure P/P0, where P is the equilibrium
pressure and P0 the saturation vapor pressure at the adsorption temperature. At an
adsorption temperature above the critical one, where there is no condensation and no P 0
exists, one must necessarily use the equilibrium pressure P.



Subdivision of the surface of porous materials
External surface.
-

In the general case, it refers to the surface of the bulk sample outside the pores.

-

In the presence of microporosity, it refers to the non-microporous surface.

Internal surface.
-

In the general case, it is the surface of all pore walls.

-

In the presence of microporosity, it refers to the microporous surface.

Accessibility of pores depends on the size and shape of the probe molecules.
Therefore, the calculated internal area and pore volume may depend on the dimensions
of the adsorptive molecules (packing and molecular sieve effects).

Classification of pores according to the IUPAC recommendation, 1985
- Macropores: pores with widths exceeding about 50 nm.
- Mesopores: pores of widths between 2 nm and 50 nm.
- Micropores: pores with widths not exceeding about 2 nm.

Nanopores. Micropores, mesopores and macropores with an upper limit < 100 nm.

2.1.1 Physisorption process in micropores and mesopores
Micropore filling. Primary physisorption process of the occupation of the accessible
volume (adsorption space) present in micropores by the adsorbate. Micropore filling
includes narrow micropores (also called ultramicropores) of approximate width < 0.7 nm



and wide micropores (also called supermicropores) of width > 0.7 nm but < 2 nm.

Physisorption in mesopores. First, monolayer adsorption takes place when all the
adsorbed molecules are in contact with the surface layer of the adsorbent. Then,
multilayer adsorption occurs by the arrangement of more than one layer of molecules in
the adsorption space. In mesopores, multilayer adsorption is followed by pore
condensation.

Capillary (or pore) condensation. The phenomenon whereby a gas condenses to a
liquid-like phase in a pore at a pressure P less than the saturation pressure P 0 of the bulk
liquid. It reflects a vapor-liquid phase transition in a finite-volume system.

Monolayer capacity (nam). Amount of adsorbate sufficient to cover the surface with a
complete monolayer of molecules. In some cases, this may be a close-packed array but in
others, the adsorbate may adopt a different structure.

Surface coverage (θ). For both monolayer and multilayer adsorption is defined as the
ratio of the amount of adsorbed substance to the monolayer capacity. The surface area
(As) of the adsorbent is calculated from the monolayer capacity, provided that the area
(σm) effectively occupied by an adsorbed molecule in the complete monolayer is known.

ୱ ൌ  ୟ୫ ɐ୫

where



L: Avogadro constant

The specific surface area (as) refers to the unit mass of adsorbent (m).
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2.2 Methodology for physisorption measurements
Types of apparatus used for the determination of physisorption isotherms
-

Manometric methods: measurement of the amount of gas removed

from the gas phase.
-

Gravimetric methods: direct measurement of the uptake of gas of the

change in mass of the adsorbent.

In practice, static or dynamic techniques may be used in either case.

Adsorption of gases such as nitrogen and argon (at their boiling temperatures) within
the relative pressure range 10−7 ≤ P/P0 ≤ 1 with sufficiently high accuracy requires special
equipment such as a highly efficient turbomolecular vacuum pumping system for the
complete evacuation of the sample cell and the manifold (at very low pressures).

2.2.1 Sample preparation
Outgassing; exposure of the surface to a high vacuo (for microporous materials,
pressures < 1 Pa are desirable) usually at an elevated temperature; must be carried out
prior to the determination of an adsorption isotherm for the removal of all the physisorbed



species from the surface of the adsorbent while avoiding irreversible changes of the
surface or the solid structure.

Control the outgassing conditions (heating program, change in pressure over the
adsorbent and residual pressure) within the limits; which depends on the nature of the
adsorbent, is important for reproducible results.

Further application of temperature-programmed desorption in association with
evolved gas analysis (by using mass spectrometry) gives additional information on the
effect of outgassing in the sample.

2.2.2 Choosing an adsorptive for the adsorption isotherm measurement
Nitrogen: at 77 K (boiling temperature) this adsorptive has a σm = 0.162 nm2
(assuming a closed packed monolayer).

Advantage: liquid nitrogen is easily available. Many adsorbents exhibit a well-defined
point B in the adsorption isotherm.

Disadvantage: nitrogen has a quadrupole moment; therefore, its orientation on the
adsorbent depends on the surface chemistry of the adsorbent. Then σ m varies about 20%.

Argon: at 87 K or at 77 K.

Advantage: it does not have a quadrupole moment and it is less reactive than the



nitrogen molecule when used at 87 K (using liquid argon or a cryocooler as temperature
controller).

Disadvantage: The structure of the argon monolayer highly depends on the surface
chemistry of the adsorbent at 77 K. In this sense, argon at 87 K (liquid argon temperature)
must be chosen, assuming a σm= 0.142 nm2.

Surface areas as low as 0.5 – 1.0 m2 can be determined using nitrogen or argon.

2.2.3 Measurement of the adsorption isotherm
After choosing the adsorbent, run the adsorption isotherm.

2.2.4 Evaluation of the adsorption data
Checking on the isotherm quality. In general, in adsorption analysis of N2 (77 K) and
Ar (87 K), it is important to verify the non-existence of instrumentation issues, incorrect
analysis parameters or an inadequate amount of sample through the next suspicious
scenarios:
-

Desorption branch crossing the adsorption branch.

-

Non-monotonic behavior (adsorbed amount does not increase when
increasing the relative pressure or vice versa).

-

Extended adsorption hysteresis below P/P0 = 0.38 as an indication of
insufficient equilibration parameters, or never closed hysteresis as indicative
of leaks or experimental artifacts.




Exceptions: materials of flexible structure can present low-pressure adsorption
hysteresis. Therefore, do not follow the typical IUPAC classification.
-

Swelling charcoals present prolonged low-pressure hysteresis.

-

Flexible MOFs present low-pressure hysteresis loops associated with gate
opening or breathing transitions.

-

Low-pressure analysis especially for microporous materials. The isotherms of
such materials should be plotted on a logarithmic scale where the micropore
filling occurs.

Note: It is recommended to run a reference material (BAM, NIST) when occurs an
issue that compromises the isotherm data.

2.2.4.1 Classification of physisorption isotherms
Once obtained adsorption isotherm quality data, it is recommended to classify the
isotherm and hysteresis (if present) following the IUPAC recommendation. Figure 2-1
presents representative plots of the types of physisorption isotherms.

9 Type I isotherms. Reversible isotherm characteristic of microporous solids having
relatively small external surfaces (e.g., some activated carbons, molecular sieve
zeolites and certain porous oxides). This isotherm is concave to the P/P 0 axis and the
amount adsorbed approaches a limiting value, depending on the accessible micropore
volume. The steep uptake at very low P/P0 is due to enhanced adsorbent-adsorptive
interactions in narrow micropores (of molecular dimensions). There exist two kinds
of Type I isotherms (when measuring nitrogen at 77 K or argon at 87 K).



-

Type I(a) isotherms. Isotherm of microporous materials of mainly narrow
micropores of a width <  1 nm.

-

Type I(b) isotherms. Isotherm of wider micropores and possibly narrow
mesopores of a width <  2.5 nm.

Figure 2-1. Classification of physisorption isotherms.

9 Type II isotherms. Reversible isotherm characteristic of physisorption of most gases
on nonporous or macroporous adsorbents, by unrestricted monolayer-multilayer
adsorption up to high P/P0. There are two cases:




-

If the knee is sharp, the beginning of the middle almost linear section (B) usually
corresponds to the completion of monolayer coverage.

-

A more gradual curvature (less distinctive point B) indicates overlapping of
monolayer coverage and the onset of multilayer adsorption.

9 Type III isotherms. There is no identifiable monolayer formation by the absence of
point B, as a result of adsorbent-adsorbate relatively weak interactions that produce
clusters of adsorbed molecules around the most favorable sites on the surface of a
nonporous or macroporous solid. In contrast to a Type II isotherm, the amount
adsorbed remains finite at the saturation pressure (P/P0 = 1).

9 Type IV isotherms. Characteristic of mesoporous adsorbents (many oxide gels,
industrial adsorbents and mesoporous molecular sieves), due to adsorbent- adsorptive
interactions and interactions between the molecules in the condensed state. The initial
monolayer-multilayer adsorption on the mesopore walls, which takes the same path
as the corresponding part of a Type II isotherm, is followed by pore condensation. A
typical feature of Type IV isotherms is a final saturation plateau, of variable length
(sometimes reduced to a mere inflection point).

-

Type IVa isotherm. Isotherm with hysteresis by capillary condensation because
the pore width exceeds a certain critical width, which is dependent on the
adsorption system and temperature. For example, hysteresis occurs for pores > 
4 nm for nitrogen and argon adsorption in cylindrical pores at 77 K and 87 K,
respectively.



-

Type IVb isotherms. Completely reversible isotherms of adsorbents with
mesopores of small width than those in Type IVa. Also given by conical and
cylindrical mesopores that are closed at the tapered end.

9 Type V isotherm. Similar to that of Type III. Relatively weak adsorbent–adsorbate
interactions. At higher P/P0, molecular clustering is followed by pore filling. For
instance, Type V isotherms are observed for water adsorption on hydrophobic
microporous and mesoporous adsorbents.

9 Type VI isotherm. Reversible stepwise isotherm representative of layer-by-layer
adsorption on a uniform nonporous surface. The step-height represents the capacity
for each adsorbed layer, while the sharpness of the step depends on the system and
the temperature. For example, isotherms of argon or krypton at low temperature on
graphitized carbon blacks.

2.2.4.2 Classification of hysteresis loops
Reproducible and permanent hysteresis loops in the multilayer range of physisorption
isotherms are generally associated with capillary condensation due to adsorption
metastability and/or network effects. For example, in an open-ended pore, like cylindrical
pore geometry, delayed condensation results of metastability of the adsorbed multilayer.
Adsorption branch of the hysteresis loop is not in thermodynamic equilibrium, but
desorption branch is.




In more complex pore structures, the desorption path is often dependent on network
effects and various forms of pore-blocking because wide pores have access to the external
surface only through narrow necks (ink-bottle pore shape). The wide pores are filled and
remain filled during desorption until the narrow necks empty at lower vapor pressures.

In a pore network, the desorption vapor pressures are dependent on the size and spatial
distribution of the necks. The network may empty at a relative pressure corresponding to
a characteristic percolation threshold, in the presence of very small neck diameters. Then,
useful information concerning the neck size can be obtained from the desorption branch
of the isotherm. The mechanism of desorption from the larger pores involves cavitation
(spontaneous nucleation and growth of gas bubbles in the metastable condensed fluid)
when the neck diameter is lower than the critical size (5–6 nm for nitrogen at 77 K).
Therefore, no quantitative information on neck size can be obtained. For example, some
micro-mesoporous silicas, mesoporous zeolites, clays, and also some activated carbons.
Figure 2-2 shows the representative hysteresis loops in physisorption isotherms.

9 Type H1 hysteresis loop. It exists in materials with a narrow range of uniform
mesopores. For example, templated silicas (e.g., MCM-41, MCM-48, SBA-15),
some controlled pore glasses and ordered, mesoporous carbons, where the network
effects are minimal and the steep, narrow loop is a clear sign of delayed condensation
on the adsorption branch. However, Type H1 hysteresis has also been found in
networks of ink-bottle pores where the width of the neck size distribution is similar
to the width of the pore/cavity size distribution. For example, in 3DOm carbons.




9 Type H2 hysteresis loop. It exists in materials with more complex pore structures in
which network effects are important. There are two kinds of Type H2.

Figure 2-2. Classification of hysteresis loops.

-

Type H2(a) hysteresis loop. Very steep desorption branch due to poreblocking/percolation in a narrow range of pore necks or to cavitation-induced
evaporation. For example, in silica gels, some porous glasses (like vycor) and
some ordered mesoporous materials (like SBA-16 and KIT-5 silicas).

-

Type H2(b) hysteresis loop. Associated with pore blocking, but the size
distribution of neck widths is much larger. For example, in mesocellular silica
foams and some mesoporous ordered silicas after hydrothermal treatment.

9 Type H3 hysteresis loop. Adsorption branch resembles a Type II isotherm, and the
lower limit of the desorption branch is normally located at the cavitation-induced
P/P0. For example, in non-rigid aggregates of plate-like particles (certain clays) but




also if the pore network consists of macropores, which are not completely filled with
pore condensate.

9 Type H4 hysteresis. Unusual loop of a high-pronounced uptake at P/P0 associated
with the filling of micropores. For example, aggregated crystals of zeolites, some
mesoporous zeolites, and micro-mesoporous carbons.

9 Type H5 hysteresis loop. Associated with certain pore structures containing both
open and partially blocked mesopores. For example, in plugged hexagonal templated
silica.

A common feature of H3, H4 and H5 loops is the sharp step-down of the desorption
branch, generally located in a narrow range of P/P 0 for the particular adsorptive and
temperature. For example, at P/P0  0.4 – 0.5 for nitrogen at 77 K.

2.2.5 Surface area evaluation
Reported values of the surface area should include the next:
- Range of application of BET equation.
- Adsorptive used and the operating temperature.
- Assumed cross-sectional area.

2.2.5.1 Brunauer-Emmet-Teller (BET) method
The Brunauer-Emmet-Teller (BET) method is the most widely used method for the
determination of the surface area of porous materials, despite its theoretical limitations.



2.2.5.1.1 Applicability of BET surface area method
Type I isotherms. BET surface area is only an apparent surface area when applying
an appropriating linear range using the Rouquerol method.

Type II isotherms. True probe accessible surface area (the effective area available for
the adsorption of specific adsorptive). The classical P/P0 range of the application of
this method is 0.05 – 0.3.

Type III isotherms. Not applicable.

Type IV(a) isotherms. True probe accessible surface area (the effective area available
for the adsorption of specific adsorptive). The classical P/P0 range of the application
of this method is 0.05 – 0.3.

Type IV(b) isotherms. Not straightforward application of the method. An applicable
range should be found considering that the pore condensation may begin in the
classical range of application of the BET equation. The linear BET range is shifted to
lower P/P0.

Type V isotherms. Not applicable.

2.2.5.1.2 Application of BET to microporous materials
BET can be applicable to Type II and Type IV isotherms, as mentioned before.
However, for microporous materials (Type I, and combinations with Type II and Type IV)



the separation of mono-multilayer adsorption and micropore filling should be done
carefully following the next criteria to avoid subjectivity in the calculation of BET
monolayer capacity.

a.

C value should be positive (a negative value of C indicates that one is

outside the appropriate BET range).
b.

BET equation should be restricted to a range where n(1-P/P0)

continuously increases with P/P0.
c.

The P/P0 value corresponding to the monolayer capacity nm should be

within the selected BET range.

2.2.5.1.3 Methodology for application of BET method
1. Transform the physisorption isotherm (P/P 0 vs adsorbed amount) into the BET
plot.

2. Derive the BET monolayer capacity nm from the BET plot, and use it to calculate
the BET specific surface area as(BET) by using an appropriate value of the
molecular cross-sectional area σm occupied by the adsorbate molecule in the
complete monolayer and using the adsorbent mass m.

as(BET) = nm L σm / m

2.2.5.1.4 BET equation and theory
The linear form of the BET equation is shown next:
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where
n: specific amount adsorbed at the relative pressure P/P 0
nm: monolayer capacity
C: value exponentially related to the energy of monolayer adsorption. It gives an
indication of the shape of the isotherm in the BET range

బ

: relative pressure

For example,
When C > 150, filling of narrow micropores or high-energy surface sites exist.
When C = 80, the knee of the isotherm is sharp and the point B is well defined. B
indicates the monolayer completion and the beginning of multilayer adsorption.
When C < 50, point B is not well defined as a single one due to the overlapping of the
monolayer and multilayer adsorption. Therefore, nm is questionable.
When C < 2, the isotherm corresponds to Type III or Type V and the BET method is
not applicable.

2.2.5.2 Comparison to standard isotherms
Comparison to standard isotherms refers to the comparison of the experimentally
measured isotherm to a reference isotherm with the aim of evaluating the micropore
volume and the “external” surface area (surface area of pores > 2 nm). The t-plot and હsplot (micro- and mesoporosity) methods are comparison methods, being the last one the



most adaptable due to its applicability even when the BET method is not applicable. Here,
the measured adsorbed amount of the experimental isotherm is plotted as a function of
the expected adsorbed amount from a reference or standard isotherm. The reference
isotherm is that of the adsorption on a non-porous material of similar chemical
composition than the experimental material.

2.2.5.2.1 Subtracting pore effect (SPE) method of the હs-plots
Nitrogen molecules are adsorbed on micropores by micropore filling. Physical
adsorption is enhanced by overlapped surface fields in pore whose width is < 2 nm. The
overlapping of pore wall potentials results in stronger binding of the adsorbate, or
enhanced adsorption. The routine application of the BET analysis overestimates the
surface area because of the enhanced adsorption.

The હs-plots derives from the comparison of the experimental isotherm to a standard
(reference) isotherm. It has the great advantage of not involving the surface area evaluated
by the Brunauer-Emmet-Teller method (SBET) from the reference. However, it depends on
the selection of an adequate material as reference. A standard isotherm describes the
adsorption on a non-porous material of similar chemical composition to the compared
material; for example, the type II isotherm with an evident B-point of nitrogen adsorbed
on non-porous carbon black indicating that N2 molecules are adsorbed on the carbon
surface by the multilayer adsorption mechanism. The enhancement of adsorption by the
micropore field is observed below હs values of 0.5. The idea of the SPE method is to
subtract the enhancement of adsorption in micropores, and any diffusion problem at the
narrow entrance of micropores to determine the monolayer capacity of the micropores.



Its name derives from the subtraction of the enhancements from both micropore filling
and capillary condensation.

The હs-plots for porous carbons are shown in Figure 2-3. The હs-plot for microporous
carbon of high BET surface area has two upward swings from linearity below the
downward bend, named filling and condensation swings (Figure 2-3a). The linearity
ensures adsorption without the enhancement by the micropore field if the line between
the two swings passes through the origin. Therefore, the dotted line that follows the
linearity represents the multilayer adsorption without enhancement in those regions. The
slope of the linear plot in the હs region 0.3 – 0.7 gives the હs surface area.

Filling swing (f-swing): Located in the lower હs region (હs < 0.3; corresponding to a
P/P0 of 0.001). It originates from the enhanced adsorption by the micropore field. This
upward swing is more marked if the pore is smaller.

Condensation or cooperative swing (c-swing): Located in a higher હs region (હs ≈ 0.7;
corresponding to a P/P0 of 0.13) before the saturated filling. It originates by a quasicapillary condensation in pores whose with is < 2 nm (or 0.17 nm in the case of the N2carbon system).

Capillary condensation swing (ccs-swing): Located in a higher હs region in
mesoporous carbons (હs > 1.3 – 1.5; corresponding to a starting P/P0 > 0.4; depending on
the adsorbate-adsorbent pair). It originates by capillary condensation in pores whose with
is > 4 nm in the case of nitrogen or argon adsorption at 77 and 87 K, respectively.



Figure 2-3. Representative types of હs-plots for porous carbons. (a) FS (f-swing) type:
typical of low-burn off carbon, (b) CS (c-swing) type: typical of super-high surface area
carbon, (c) FS/CS (f/c-swing) type: typical of ordinary microporous carbon, and (d) CCS
(cc-swing) type: typical of mesoporous carbon. For the construction of the હs-plot of
samples, it is necessary a reference isotherm data and its હs-plot. First, draw the plot of
adsorbed amount (w) vs હs of the reference material, and find the best fitting curve.
Second, obtain હs of the sample isotherm related to each P/P0 by searching P/P0 of the
sample in the reference fitting curve equation. Third, draw a new plot of sample adsorbed
amount (w) vs હs. (Adapted from references 5 and 6).

In a comparison હs-plot (Figure 2-3), the slopes give the total surface area and
external surface area, while the extrapolated y-intercept is associated to the micropore
volume, for adsorbed amount of nitrogen expressed in mg g -1:
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where
୫୧ୡ୰୭ ǣmicropore volume. (Here, 0.808 is the nitrogen liquid density in g mL-1 at 77 K)
ୣ୶୲ ǣexternal surface area
୲୭୲ ǣtotal surface area
୫୧ୡ୰୭ ǣmicropore (or internal) surface area
 ǣintercept of slope 2 to the "y" axis

It is important to note that this method is applicable to any system where the હs -plot
includes separable swings. However, it must not be applicable straightforward to
materials with narrow mesopores; classified according to the IUPAC as Type IV(b) and
Type IV(a) isotherms with hysteresis P/P0 < 0.5; pore width < 0.7 nm (bilayer thickness
of N2), as N2 cannot cover each wall as monolayer.

2.2.6 Total pore volume evaluation
The measurement of the total pore volume indicates the next:
9 Complete filling of the accessible pore volume with an adsorbate.
9 No significant further adsorption can occur prior to bulk condensation.




Case 1: A nearly horizontal isotherm over the upper range of P/P0 indicates that there
is no significant macroporosity in the sample structure. The total pore volume is given by
a point on the plateau near P/P0 = 1.0 (P/P0 = 0.95 or 0.99), assuming the fluid in the pores
is at bulk liquid density (Gurvich rule)1.

For example, when using N2 as adsorbate, convert micropore volume in mL (STP) g1

to cm3 g-1
((N2 molecular weight) / (molar volume x N2 liquid density at 77 K))
((28.0134 g mol-1 / (22400 mL mol-1 x 0.808 g cm-3)) = 0.00155

Case 2: A not nearly horizontal isotherm near P/P0 = 1, but rather continuously
increasing on the adsorbed amount may indicate the presence of macroporosity. The total
pore volume is not calculable but could be estimated by extrapolating the nearly
horizontal part of the isotherm close to P/P0 =1.

2.2.6.1Micropore volume
The limiting uptake in Type I isotherms (since they have a horizontal plateau)
indicates the micropore capacity np (of specific gas at a specific temperature), which can
be converted into liquid micropore volume applying the Gurvich rule.

2.2.7 Pore size distribution
The classical methods for pore size analysis; Barrett, Joyner, and Halenda (BJH),
Horvath and Kawazoe (HK), Saito and Foley (SF); are not applicable under all nanopore
sizes (underestimate significantly porosity < 10 nm by 20–30%).



The micropore analysis can be done by applying various semi-empirical methods such
as HK method for slit pores, SF method for cylindrical pores and Cheng and Yang method
for spherical pores. However, these methods tend to underestimate the pore size.

The mesopore analysis was based for many years in the application of the Kelvin
equation. For cylindrical pores, the modified Kelvin equation is:
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where
ɤ: surface tension of the bulk fluid
Vm: molar liquid volume
rp: pore radius
tc: thickness of the adsorbed multilayer film (form prior to pore condensation)

The limitations of the Kelvin equation can be avoided by applying methods based on
molecular simulations or DFT (Density Functional Theory) methods.

DFT methods, as recommended by the IUPAC and the ISO 15909-3, allow obtaining
reliable pore size distributions over the complete range of micro-mesopores. These are
based on molecular simulations. Nowadays, commercial software is available (adsorption
instrument manufacturers), with kernels (collection of isotherms representing adsorption
in pores of different sizes (width) of a given pore shape at a given temperature) for
particular adsorbate-adsorbent pairs. The calculation of the pore size distribution function



f(W) is based on the solution of the General Adsorption Isotherm (GAI); that correlates
the experimental to the theoretical adsorption isotherm; by using algorithms. The GAI is
shown next:
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The types of Density Functional Theory (DFT) methods are:
- Non-Local Density Functional Theory (NLDFT). Solid surface is treated as
molecularly smooth. However, surface roughness and defects can affect the shape of
adsorption isotherms on real surfaces.

- Quenched solid density functional theory (QSDFT). The solid surface includes
heterogeneity on the distribution of solid atoms improving the reliability of the pore
size analysis. This is the preferred approach for heterogeneous carbons.

Reports of pore size distribution obtained by DFT methods must include the
adsorptive/adsorbent pair, assumed pore geometry, and adsorption/desorption branch
used for the analysis.




2.3

Gas adsorption in non-rigid materials

Physisorption isotherms are usually reversible in the micropore filling or monolayer
range. However, some aspects need to be considered for the study of certain microporous
systems (clays, coal, and activated carbon) where a low-pressure hysteresis may appear.
Low-pressure hysteresis may indicate a flexible material. However, it could also be the
result of a low-quality isotherm or the presence of impurities in the adsorbate or adsorbent.

Low-pressure hysteresis is often associated with flexibility in the structure of
materials (expansion and contraction of adsorbents) or with the slow diffusion of
molecules through narrow pore entrances. The irreversible entry of the adsorbate
molecules into pores of molecular dimensions can produce inelastic adsorbent distortion.

Small elastic deformation of the adsorbent commonly occurs in systems such as
charcoal, activated carbon, porous glass, zeolites and silica gel (0.1 – 1%), which usually
not affect significantly the sorption isotherm. Elastic deformation in some polymers,
aerogels and other highly porous materials might be more problematic.

2.4

Water adsorption

Water adsorption on carbonaceous materials is requested with the aim of
understanding the water molecules interactions in the presence of functional groups in a
material and for application in industrial processes. Generally, water adsorption isotherms
are performed at 298 K. The small size of water molecules is the key for pore structure
evaluation for being able to penetrate pores where argon and nitrogen are not accessible.




2.5

Adsorptives commonly used in physisorption

The adsorptives commonly used in physisorption are summarized in Table 2-1.

Table 2-1. Adsorptives commonly used in physisorption.
Name

Molecular weight

Kinetic diameter

Cross-sectional area

g mol

nm

nm2

Water (H2O)

18

0.265

0.106 (at 298 K)

Carbon dioxide (CO2)

44

0.330

0.112 (at 273 K)

Argon (Ar)

40

0.340

0.142 (at 87 K)

Nitrogen (N2)

28

0.364

0.162 (at 77 K)

-1
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Chapter 3

3. Water

adsorption

property

of

hierarchically

nanoporous detonation nanodiamonds1
Abstract. The detonation nanodiamonds are polyhedral particles of sp 3-hybridized
carbon. They are found as their aggregates having interparticle voids, showing a marked
hygroscopicity. As the relationship between pore structure and water adsorption of
aggregated nanodiamonds is not well understood yet, the nitrogen adsorption isotherm at
77 K and water vapor adsorption isotherm at 298 K of the well-characterized aggregated
nanodiamonds prepared by the detonation method were measured. High-resolution
transmission electron microscopy and X-ray diffraction showed that the nanodiamonds
were crystalline and their average crystallite size was 4.5 ± 0.7 nm. The presence of
graphitic layers on the primary nanodiamond particles was confirmed by the electron
energy loss spectroscopic examination. The pore size distribution analysis showed that
nanodiamonds had slight ultramicropores with predominant mesopores of 4.5 nm in the
average size. The water vapor adsorption isotherm of IUPAC Type V indicates the
hydrophobicity of the nanodiamond aggregates. The hygroscopic nature of the
nanodiamonds should be associated with the surface functionalities of the graphitic shell
and the ultramicropores on the mesopore walls.
1

Adapted from Pina-Salazar, E. Z. et al. (2017). Water adsorption property of hierarchically nanoporous

detonation nanodiamonds. Langmuir, 33(42), 11180-11188.
Copyright © 2017, with permission from American Chemical Society.




3.1

Introduction

Diamond nanoparticle (nanodiamond)s were first discovered in the 1960s as a product
of detonation processes.1,2 Nanodiamonds are also found in nature as part of
protoplanetary disks of certain types of stars. 3,4 Nowadays, nanodiamonds are produced
by several routes such as plasma-assisted chemical vapor deposition (CVD), 5 autoclave
synthesis from supercritical fluids,6 electron irradiation of carbon ‘onions’, 7 ion
irradiation of graphite,8 chlorination of carbides,9 ultrasound cavitation,10 laser ablation11
and high-energy ball milling of high-pressure and high-temperature (HPHT) diamond
crystals.12 The most popular nanodiamonds are the ones prepared by the detonation
method.1 This is because the multi-step oxidation-purification procedure has been
actively studied for the detonation soots consisting of diamond particles (up to 75% wt.),
other carbon allotropes, graphitic carbon, metal impurities, and oxides;13-15 Ōsawa et al.
succeeded to obtain highly pure detonation nanodiamonds. 13

Nanodiamonds can be generally described as polyhedral particles of sp 3-hybridized
carbon atoms, which can be obtained as colloidal individual particles as small as 4-5 nm
in diameter, although their characteristics and properties depend on the production
method, precursors, and conditions applied.1,13,2, Nanodiamonds have chemically active
surfaces, while the core remains inert. Such particles present a unique surface structure
composed of mixed structures of sp3diamond-like and sp2-graphitic carbon atoms.14–16
The graphitic or amorphous carbon layers of sp2 character wrap individual particles of
nanodiamonds.17 Nanodiamonds particles tend to aggregate each other at the nanometer
scale of 50-500 nm due to their high surface energy.18,19 The aggregates have intergranular gaps, which accounts mainly for mesoporosity.20–22 Moreover, exceptional



properties of nanodiamonds are reported as mechanical and optical properties,
fluorescence, high thermal conductivity and electrical resistivity, chemical stability,
resistance to harsh environments and biocompatibility. In addition, water adsorption on
the surfaces of diamonds and detonation nanodiamonds induces negative electron
affinity23 and giant electric permittivity,24 respectively.

Wettability well defines the hydrophilic (or hydrophobic) character of a material. The
water wettability is described by contact angle for liquid water. The air-water contact
angles of polished diamond faces of the single crystal are 75.9 o (for the diamond face
[111]) and 71.0o (for the diamond face [110]).25 Then, the surfaces of the diamond are not
hydrophilic, but rather hydrophobic. Although the wettability of nanodiamonds has not
been fully explored, the water contact angle of the nanodiamond film was 73 ± 3° in the
air at room temperature.26 Besides, low water affinity of nanodiamond powders is
reported.27 The contact angles of nanodiamonds synthesized by chemical vapor
deposition are 32o after oxidation and 93o after reduction.28 Nanodiamond surfaces
without oxidation treatment are also hydrophobic. However, no reports were found on the
contact angle of detonation nanodiamonds due to difficult measurements through the
hygroscopic nature.29 Accordingly, water adsorption studies were carried out to evaluate
the affinity of the detonation nanodiamonds for water,24,30,31 giving no clear
understanding yet. This study reports a new insight on the affinity of detonation
nanodiamonds for water from the relationship between water adsorptivity and
nanoporosity.






3.2

Experimental section

3.2.1 Materials and methods
Hard hydrogels of nanodiamonds obtained from Nano-Carbon Research Institute,
Ltd., Japan (density of 2.2 x 1019 particles g-1) were used after grinding and sieving by
using a 0.7 μm sieve without further purification.

3.2.2 Characterization of nanodiamonds
The morphology of nanodiamonds was examined on powdered nanodiamonds by
means of field-emission scanning electron microscopy (FE–SEM; JEOL, JSM-7000F). A
high-resolution transmission electron microscope (HR-TEM) was used to observe the
nanodiamond crystals. This measurement was carried out on fine powder samples placed
on a Cu grid by using a 2100F microscope (JEOL, Japan) operated at 200 kV. Electron
energy loss spectroscopy (EELS) was carried out with a scanning transmission electron
microscope (STEM) ARM200CF to describe the electronic structure of carbon present in
the nanodiamond particles. X-ray diffraction pattern (XRD) of nanodiamonds was
measured at room temperature using the X-ray diffractometer (SmartLab X-Ray, Rigaku
Co.) with a CuKહ (40 kV and 30 mA) source. The profiles of temperature-programmed
desorption coupled with a mass spectrometer (TPD-MASS) of the as-received
nanodiamonds were measured in the temperature range of 373 to 1273 K under He flow
of 300 mL min−1 with a heating rate of 10 K min−1 using the TG-DTA-Photoionization
mass spectrometer (Rigaku Co.) on samples that were degassed at 393 K for 2 h in vacuo
prior to the measurement. The pore structure of the nanodiamond powder sample was
determined volumetrically by nitrogen adsorption isotherm at 77 K using an apparatus
Autosorb iQ; Quantachrome after preheating at 423 K and 10−4 Pa for 2 h. Quenched



solid density functional theory (QS-DFT) analysis was applied to determine the pore size
distribution from the nitrogen adsorption isotherm.32 Water vapor adsorption isotherm of
nanodiamonds was measured at 298 K using a volumetric equipment QuantachromeHydrosorb after pretreating at 423 K and 2 mPa for 2 h.


3.3 Modeling and simulation section
3.3.1 Modeling of nanodiamond and simulation of water adsorption isotherm
The 4 nm nanodiamond was generated using a novel heuristic three-step approach. In
the first step, a 4 nm carbon sphere was generated by cutting a perfect diamond supercell
using spherical coordinates. The cubic diamond supercell was built by replication of the
unit cell33 in Mercury Visualization Package from the Cambridge Structural Database
System.34 In the second step, the energy of carbon atoms inside a sphere was optimized
using Monte Carlo (MC) quench simulations in NVT ensemble. A three-body
environmental-dependent interatomic potential (EDIP)35 was used for computing carboncarbon interactions. As previously, the temperature decreases linearly from 3000 K down
to 30 K, with a step of 10 K. For each temperature, 1000 MC displacement steps were
performed using the Metropolis algorithm. 36 The displacement of carbon atoms was
adjusted every 1000 MC steps to maintain the acceptance ratio of 0.4. In the final step,
the energy of a quenched 4 nm nanodiamond was minimized in the general utility lattice
program (GULP)37 implemented with EDIP potential. We used a constant volume
optimization with conjugate gradients. The Grand Canonical Molecular Dynamics
(GCMD) method proposed by Eslami and Müller-Plathe was applied to simulate a water
isotherm.38 The GCMD algorithm by Eslami and Muller-Plathe is almost fully
deterministic. The only stochastic term is the choice of the initial velocity of the scaling



factor. The GCMD simulations of water adsorption were done with the self-made code;
a TIP4P/2005 model was used for the description of water particles. 39 Simulations were
done with the use of typical parameters and procedures. Time step was set to 2 fs and the
temperature to 298.2 K. The structure of nanodiamond was kept rigid (no movement of
structure atoms was considered). A RATTLE method was used to keep all bonds in the
water molecules constrained.40 Total time of each simulation varied from few up to more
than 80 ns until no substantial change in the number of molecules was observed. Final
adjusted parameters, describing the behavior of the structure are listed in Table 3-1. The
modeling of nanodiamond and simulation procedures will be published in another journal.
Table 3-1. Parameters of interaction of nanodiamond structure atoms used in simulations.
Nanodiamond

Number

VC-O
m

Carbon atoms

5808

3.19u10-10

0.5

-10

13

Hydrophilic sites

40

εC-O
kJ mol-1

3.19u10

3.4 Results and Discussion
Detonation nanodiamonds used in this study are well depicted by the TEM images
shown in Figure 3-1; analysis of such images gives information on the particle size of
nanodiamonds, as well as on the aggregation structure of crystalline particles.




Figure 3-1. HR-TEM images of (a) aggregates of nanodiamond crystals and (b)
nanodiamond twin crystal. The diamond crystal cores are wrapped with a non-diamond
carbon shell. (c) Particle size distribution of nanodiamonds obtained from the
measurement of 100 primary nanodiamond crystals in TEM images.

The TEM images in Figure 3-1a evidence aggregation of nanodiamond particles of
an average particle diameter of 4.5 ± 0.7 nm; as shown by the particle size distribution of
nanodiamonds obtained from the measurement of 100 primary nanodiamond crystals in
TEM images (Figure 3-1c). Primary nanodiamond crystals are interconnected to each
other, providing intergranular gaps of a small mesopore and micropore dimensions. These
nanodiamond crystals are highly crystalline and even twins of an explicit facet structure
are often observed, as shown in Figure 3-1b. Additionally, the STEM mapping images
in Figure 3-2a and Figure 3-2b shows that there are many structures surrounding the
particles of nanodiamonds as a shell-like structure, as seen in Figure 3-2c.



Figure 3-2. STEM-EELS mapping images of nanodiamonds at (a) 2 and (b) 5 nm distance
to the edge. (c) TEM images of nanodiamonds from which STEM-EELS mapping images
were obtained. Here, sp3 and sp2 (carbon) indicate diamond crystal cores and shells of
non-diamond carbon clearly appreciated on the TEM images, respectively.



The first peak in the plots of Figure 3-2a and Figure 3-2b; at lower energy loss; is
due to absorption by π* states. The second peak; at higher energy loss; is due to absorption
by the σ* states. The spectrum labeled as inside in Figure 3-2b shows the characteristic
signature of nanocrystalline diamond. The signal is composed of three main peaks, which
indicate the first, second and third K-shell ionization loss peak of crystalline diamond in
order of lower to higher energy loss, respectively. The EELS spectrum of the shell
structure containing region indicates clearly the presence of graphitic sp2 carbon through
the peak at 284 eV due to the π* states. The peak derived from sp2 orbital is confirmed on
the surface layer, while the sp3 signal becomes stronger as moving to the core of the
nanodiamond (mapping images at 2 and 5 nm, respectively). These EELS findings agree
with previous observations of nanodiamonds surrounded by graphitic shells, typically
found for non-treated detonation nanodiamond samples.41,42

The crystal structure of nanodiamonds was analyzed by XRD. Nanodiamonds sample
exhibits several facets of the crystallites [111], [220] and [311] (at 43.8° 75.4° and 91.5°,
respectively), where the [111] facet is the most prominent, as shown in the profile in
Figure 3-3. This agrees with the reported in the literature.43 The inset in Figure 3-3 gives
a closer look of the outstanding diamond diffraction peak in the sample [111]; the shoulder
at lower scattering angle indicates the presence of nanopores. Deconvolution of the nonsymmetrical peak at 43.8° reveals the co-presence of graphitic carbons with a peak at
41.4°. The observed diffraction peak at 43.8° is deconvoluted into diamond [111] and
graphitic [100] reflection peaks. The crystallites sizes for [111] and [220] of
nanodiamonds are obtained from the half widths of the corresponding peaks after the
instrumental broadening correction;44 being 4.4 nm for [111], 4.3 nm for [220] and 3.5



nm for [311]. Those values are slightly smaller than published values ([111] = 5 nm, [220]
= 4.3 nm and [311] =4.6 nm).45 The crystallite sizes are close to the average particle size
from HR-TEM, indicating that nanodiamonds are highly crystalline.

111(dia)
100(gra)



Figure 3-3. X-ray diffraction pattern of powdered nanodiamonds. Inset: Deconvoluted
diffraction pattern of the [111] reflection. Solid and dotted lines indicate the experimental
and deconvoluted peaks, respectively.

Thermogravimetric analysis under He gas flow in Figure 3-4a shows the
decomposition of nanodiamonds; about 3% of a weight loss is observed up to 523 K,
which stems from the evolution of CO2 and CO, as seen in Figure 3-4b that shows the
temperature-programmed desorption analysis. The evolved gases of m/z =28 and m/z =44
are assigned to CO and CO2, respectively, which are derived from oxygen containingcarbon groups or amorphous carbon situated on the graphitic surface. The evolution of
the CO2 gas must indicate the presence of such functionalities on the nanodiamond shell,
since carboxyl, carboxyl anhydrous and lactone groups decompose as CO2.46 Evolution
of water vapor is observed mainly up to 523 K. Such desorbed water should come from



water strongly adsorbed in the narrow pore spaces in the nanodiamond aggregates even
after degassing at 393 K prior to the measurement.

Figure 3-4. (a) TG analysis of nanodiamonds under He; weight loss (―) and derivative
of TG curve (---), (b) Evolved gases on the course of TG measurement of nanodiamonds;
CO — (m/z = 28), CO2 — (m/z = 44) and H2O --- (m/z = 18). In (b) the signal of evolved
gases (a. u. g-1) water (m/z = 18) and of CO2 (m/z = 44) are divided by 10 and 1000,
respectively to fit in the same scale as CO. Therefore, CO is higher than water, and water
is higher than CO2 in all the range of temperature.

The aggregated structure of nanodiamonds is clearly confirmed by means of SEM
observations, as shown in Figure 3-5. The SEM image shows the aggregates of units of
about 20 nm agreeing with the TEM image in Figure 3-1.




Figure 3-5. SEM image of nanodiamonds.

Nitrogen adsorption isotherm at 77 K gives average information on the aggregated
structure of nanodiamonds. Figure 3-6a shows the nitrogen adsorption isotherm of
powdered nanodiamonds and the pore size distribution derived from the adsorption
isotherm. The nitrogen adsorption isotherm of nanodiamonds, is close to IUPAC Type IV,
being indicative of mesoporous materials. A pronounced adsorption hysteresis from P/P 0
= 0.5 to 0.8 supports the presence of predominant mesopores. 47,48 The nitrogen adsorption
isotherm in terms of the logarithm of relative pressure shows the presence of micropores
in addition to mesopores, as seen in Figure 3-6b. The BET surface area is 247 m2 g-1. The
pore size distribution is obtained using the QS-DFT method assuming a slit-pore
model,49,50 as shown in Figure 3-6c. The nanodiamonds have considerably uniform
mesopores of 4.4 nm and a low amount of micropores whose width is in the range of 1
nm to 2 nm. The pore structural parameters are listed in Table 3-2.






Figure 3-6. Nitrogen adsorption isotherms of powdered nanodiamonds at 77 K in (a)
linear scale and (b) logarithmic scale, (c) QS-DFT derived pore size distribution. Solid
and open symbols in figures (a) and (b) denote adsorption and desorption branches,
respectively.


Table 3-2. Pore structural parameters of powdered nanodiamonds.
Total pore volume

Micropore volume DFT

Mesopore volume DFT

(< 2 nm)

(2-6 nm)

SBET
at P/P0 = 0.97
cm3 g-1

m2 g-1

cm3 g-1

cm3 g-1

0.37

247

0.047

0.310

The average mesopore size well agrees with the average crystal size, suggesting that
the observed mesopores originate from a colloidal aggregation structure of uniform
diamond crystals. As the primary nanodiamond crystal is wrapped with an ultra-thin
graphitic layer, as mentioned above (see also Figure 3-2c), the micropores stem from
interstices in nanocrystal contacts and incomplete wrapping with graphitic layers.
Phenomenologically, it is well known that a hierarchical structure of micropores and small
mesopores induce an unusual sorption property for water. 51–53



3.4.1 Water adsorption property and hygroscopic nature
Figure 3-7 shows the water vapor adsorption isotherm of nanodiamonds, which is
characteristic IUPAC Type V, suggesting hydrophobicity. 48 The whole feature of water
adsorption isotherm indicates that nanodiamonds exhibit a weak hydrophobicity, as
shown in Figure 3-7a. Nevertheless, the slight adsorption of vapor water in the lowpressure range shown in Figure 3-7b suggests the presence of hydrophilic sites on
nanodiamonds likely corresponding to the surface functional groups on the graphitic
shells, which is shown by the TPD results.52

Figure 3-7. (a) Water vapor adsorption isotherm of powdered nanodiamonds at 298 K.
(b) Closer look of the water adsorption isotherm in the low relative pressure range. Solid
and open symbols indicate adsorption and desorption branches, respectively.

Nanodiamond aggregates are hierarchically porous materials, as shown above.
Micropores from the outer graphitic shell and the surface functional groups donate local
hydrophilicity to the mesopore walls of the nanodiamond-aggregated structures. As the
mesopore volume is about seven times larger than micropore volume, adsorbed water
should be close to liquid-like water. Correspondingly, the density of adsorbed water from



the adsorbed amount and pore volume is around 1 g cm-3. Consequently, these mesopores
of large pore volume can accept liquid water, exhibiting a marked hygroscopicity, as
shown in Figure 3-8, which presents a photo describing the water droplet on pelletized
graphite and nanodiamonds upon dropping a water droplet 20 sec after. We cannot see the
water droplet on the nanodiamonds, while the water droplet is stable on the graphite. The
nanodiamonds with intensive hygroscopicity absorb very quickly the entire water droplet.

Figure 3-8. Water droplet on pelletized graphite and nanodiamonds on dropping a water
droplet 20 sec after.

We created the structure model of the nanodiamond crystal and simulated the water
adsorption isotherm using the nanodiamond model. Figure 3-9 shows the GCMD
simulated water vapor adsorption. Figure 3-9a presents the time course of the adsorption
of water molecules on the model nanodiamond at P/P0 = 1. The time-change of
adsorption provides the equilibrium adsorption amount for each pressure and then we can
determine the adsorption isotherm. Figure 3-9b shows a comparison of the experimental
and simulated adsorption isotherms; the simulated adsorption isotherm coincides well
with experimental desorption branch where the desorption branch describes the
equilibrium adsorption.54 Thus, the nanodiamond model expresses well the characteristic
structure of the nanodiamonds in particular for water adsorption; the initial uptake and
the kink at P/P0 = 0.7 are well described. We can obtain the molecular level understanding
of water adsorption on nanodiamonds. The snapshots of the adsorption of water



molecules at the four P/P0 denoted by arrows in Figure 3-9b are shown in Figure 3-10.

Figure 3-9. (a) Change in the number of adsorbed water molecules at saturated vapor
pressure (P0) in GCMD simulation. (b) Experimental water adsorption (open squares) desorption (closed squares) isotherms (T=298 K). Green circles show the GCMD
simulated of the adsorption isotherm (snapshots corresponding to blue arrows are shown
in Figure 10).

Figure 3-10. Snapshots from the simulation box for selected relative pressures pointed
by arrows in Figure 3-9. The inset in the middle shows a typical water cluster formed at
a hydrophilic site (C atoms marked in green) and P/P 0 = 0.16.



Water molecules are adsorbed only on hydrophilic sites on the graphitic shell at P/P0
of 0.16, and then water clusters grow to form a continuous water layer with an elevation
of P/P0 and finally induce condensation in the mesopore. The nanodiamond with graphitic
shell and their aggregated model can describe the experimental water vapor adsorption,
as shown above. The modeling-aided approach should deepen the understanding of the
hygroscopic nature of nanodiamonds in the future.

The interaction of water with nanodiamonds is shown in Figure 3-11. Nanodiamonds
are a hygroscopic material at bulk scale; absorb quickly and efficiently liquid water in
their inter-particle pores, even when the show a feature of hydrophobicity at microscale
depicted in the water adsorption isotherm.



Figure 3-11. Graphic model of water interaction with nanodiamonds.

3.5

Conclusions

The detonation nanodiamonds are aggregates of crystalline particles of 4.5 nm in the
average size, which have graphitic outer layers of surface functionalities. The



nanodiamond colloidal aggregates have small mesopores exhibiting hydrophobic
behavior for water vapor adsorption. However, the surface functionalities on the graphitic
outer layers on the nanodiamond and ultramicropores in interstices of the aggregates can
work as hydrophilic sites. Those should accept liquid-like water in the mesopores,
inducing the observed hygroscopic nature. Experimental and modeling studies support
the above mechanism on the hygroscopicity of the detonation nanodiamonds. However,
we need to evaluate quantitatively the hygroscopicity in order to clarify exactly the
remarkable hygroscopicity in future studies.
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Chapter 4

4. Water-selective adsorption sites on detonation
nanodiamonds1

Abstract. Nanodiamond particles form aggregates having porosity in the range of
micropores to mesopores with an average pore diameter of 4.5 nm. The measured porosity
depends on the removal of pre-occupied water and gases from the nanodiamond
aggregates, which is sensitive to thermal treatments. We heated hydrogel nanodiamonds
at 423–623 K in vacuo in order to understand the relationship between water adsorptivity
and pore structure evaluated from nitrogen and argon adsorption isotherms at 77 K and
87 K, respectively. Temperature-programmed evolved gas analysis showed the evolution
of water and CO2 on heating nanodiamonds in vacuo up to 700 K. The surface functional
groups of nanodiamonds were not affected by the thermal treatments, as shown by FTIR
and XPS analyses. However, the water adsorptivity was enhanced by heating at 623 K
due to the removal of the pore blocking effect originated from water molecules selectively
adsorbed. Water molecules adsorbed on these selective sites should cause the intensive
hygroscopic property of nanodiamonds.

1

Adapted from Piña-Salazar, E. Z. et al. (2018). Water-selective adsorption sites on detonation
nanodiamonds. Carbon, 139, 853-860.
Copyright © 2018, with permission from Elsevier.




4.1 Introduction
Detonation nanodiamonds are found as aggregates of polyhedral particles of sp3hybridized carbon covered by sp2-hybridized carbon. The aggregation of nanodiamond
particles comes from the facet-facet electrostatic attractions between multi-pole
polyhedral primary particles.1–4 The detonation nanodiamonds are produced as small as
3–5 nm in the form of hydrogels.5 Hydrogel nanodiamonds contain water within their
structure, inducing unique hydrophilic properties. 6 Water is adsorbed in the pores of the
aggregated nanodiamonds. Those pores consist mainly of mesopores and micropores.7
Dried hydrogel nanodiamonds tend to be hydrated in the humid air.6,8,9 They can also
absorb quickly and efficiently liquid water in their inter-particle pore structure.7 The
porosity of the aggregates should be influenced by the pre-occupied water and adsorbed
gases. Thermal treatment is essential to determine the accurate porosity of nanodiamond
aggregates. Our preceding study showed that nanodiamond aggregates have predominant
mesopores of 4.5 nm in an average size and a few micropores after degassing at 423 K
for 2 h, yielding a surface area of 300 m2 g-1,7 being larger than that of nanodiamonds
without degassing. It was also suggested that the graphene-like structure covering
nanodiamonds is associated with the remarkable wettability to liquid water. The presence
of water strongly bound in the detonation nanodiamonds was proposed by Jiang and Xu.10
The pore structure of nanoporous graphene is sensitive to thermal heating. 11 Fundamental
understanding of interfacial properties and structure of hydrogel nanodiamonds heated at
different temperatures is indispensable to develop their applications in various fields such
as nanomedicine, water filtration technologies and others. As the nanodiamonds have
ultramicropores together with mesopores, comparative pore analysis using nitrogen
adsorption at 77 K and argon adsorption at 87 K must be applied to the thermally treated



hydrogel nanodiamonds.12,13 This chapter reports the relationship between water
adsorptivity and pore structure from nitrogen and argon of hydrogel nanodiamonds
thermally treated at different temperatures.

4.2 Experimental section
4.2.1 Samples and their thermal treatments
Nanodiamonds in the form of a hard hydrogel (Nano-Carbon Research Institute, Ltd.,
Japan) with a density of 2.2 × 1019 particles g−1 were ground and sieved (0.7 μm in mesh
size), followed by an outgassing treatment at 393 K and 0.1 Pa for 2 h. These obtained
nanodiamonds were heated at 423, 523 and 623 K for 2 h at 0.001 and 0.1 Pa prior to the
porosity and water adsorption measurements, respectively.

4.2.2 Characterization of nanodiamonds
4.2.2.1 Thermogravimetric analysis
Thermogravimetric profiles of nanodiamonds isothermally heated at 423 and 623 K
for 2 h and from room temperature to 1300 K under inert conditions (N2 300 mL min-1 )
were measured with a heating rate of 5.0 K min-1 by means of a thermogravimetric
analyzer (STA7200, HITACHI). TG-mass analysis of nanodiamonds before thermal
treatments was obtained under an oxidative atmosphere (He-O2 80:20%; 100 mL min-1 )
and under an inert atmosphere (He 300 mL min-1) with a heating rate of 5.0 K min-1 in a
TG-DTA-Photoionization mass spectrometer (TG-DTA-PIMS 410/s, Rigaku Co.). A total
gas flow between 100 and 300 mL min-1 must be used for results nearly independent from
the gas flow. For each case, the gas mixture is introduced to the system a few minutes
before the beginning of the heating. Diluted oxygen gas must be used to avoid violent



oxidation when running an analysis under oxidative atmosphere. Therefore, a ratio 80:20
He-O2 mixture was used, corresponding roughly to the air composition. Nanodiamonds
were outgassed ex-situ at 393 K and 0.1 Pa for 2 h prior to the measurements.

4.2.2.2 Structural analysis
The morphology of nanodiamonds was observed by using a field-emission scanning
electron microscope (FE-SEM; JEOL, JSM-7000F, Japan) and a high-resolution
transmission electron microscope (HR-TEM, JEOL, 2100F Japan) operated at 200 kV.
Adsorption isotherms of nitrogen at 77 K and argon at 87 K were measured after heating
nanodiamonds samples in vacuo of 1 mPa at 423, 523 and 623 K for 2 h using a
volumetric apparatus (Quantachrome-Autosorb IQ2). The nanoporosities and the pore
size distributions of the nanodiamonds were determined by BET and the subtracting pore
effect (SPE) method of the હs-plot,14 and by using the Quenched Solid Density Functional
Theory (QS-DFT) assuming a slit shape pore,15,16 respectively. Nonporous carbon black
was used as the reference material for the SPE method. XPS analysis was conducted in
order to study the surface chemistry of nanodiamonds by using a JPS-9200, JEOL
spectrometer equipped with a polychromatic Mg Kહ X-ray beam X-ray source. Spectra
were taken for as-received nanodiamonds and nanodiamonds treated at 423 and 623 K in
vacuo of 0.1 Pa for 2 h. The calibration was carried out by use of the C1s peak at 285 ±
0.2 eV associated with nanodiamond carbon. The C1s peak was deconvoluted into four
peaks with assignments of the literature corresponding to sp2-hybridized carbon at 284.1
eV, sp3-hybridized carbon at 285.2 eV, C-H bonds and C-N at 286.3 eV and C-O bonds
at 287.7 eV.17,18 FTIR analysis of nanodiamonds was conducted under the relative
humidity of 20% using a Nicolet 6700 FT-IR (Thermo scientific) equipment in the ATR


FTIR measurement mode in order to evaluate the surface chemistry of nanodiamonds
prior to the thermal treatments. Nanodiamond sample was outgassed ex-situ at 423 K and
0.1 Pa for 2 h prior to the measurement.

4.2.2.3 Water adsorption
Water vapor adsorption isotherms were measured at 298 K on the nanodiamond
samples heated at 423, 523 and 623 K for 2 h under 0.1 Pa with a volumetric equipment
(Quantachrome-Vstar).

4.3 Results and discussion
4.3.1 Morphology and surface chemistry of thermally treated nanodiamonds
SEM micrographs in Figure 4-1 exhibit the morphology of nanodiamonds before and
after heating. There is no clear change in the assembly structure of nanodiamonds after
heating. It clearly shows aggregated nanodiamond particles of non-uniform shape and the
average size of about 20 nm. The crystal size of nanodiamonds is in the order of 4 nm, as
shown in the TEM image of Figure 4-1e, Figure 4-1f and Figure 4-1g, which is similar
to the statistical particle diameter obtained from TEM and XRD analysis reported in the
preceding chapter.7 There should be mesopores and micropores in the interparticle and
inter-crystal structures. The purity of nanodiamonds used in this study is higher than 97%
according to the oxidative TG-curve showing non-combustible residues (Figure 4-2a).
Nanodiamonds burn at 823 K in air, leading to a sharp weight loss. The weight loss is
associated with the evolution of CO, CO2, and H2O, as shown in Figure 4-2b.19–21 Figure
4-3 shows the temperature-programmed evolved gas analyses of nanodiamond samples
over the temperature range of room temperature to 1300 K under a flow of He. The



evolution curves of water (m/z = 18), CO (m/z = 28) and CO2 (m/z = 44) become steeper
around 420 K exhibiting a plateau about 700 K. These evolved gases originate from
desorption of strongly adsorbed water and decomposition of surface functional groups. 22–
25

The evolution of water is clearly larger than that of CO2 below 623 K, as seen in Figure

3-4b of the previous chapter.


Figure 4-1. SEM images of detonation nanodiamonds (a) non-heated and heated at (b)
423 K and (c) 523 K and (d) 623 K for 2 h in vacuo. Representative HR-TEM images of
detonation nanodiamonds prior to heating are shown in (e), (f) and (g).



Figure 4-2. (a) Thermogravimetric profiles and (b) temperature-programmed evolved gas
analyses of detonation nanodiamonds in He-O2 (80:20). In (a): weight loss (-) and
derivative of weight loss (ʞ), in (b) evolved gases in the course of TG measurement: CO
(black line, m/z = 28), CO2 (green line, m/z = 44) and H2O (blue line, m/z = 18).

Figure 4-3. Temperature-programmed evolved gas analyses of detonation nanodiamonds
under He flow of 300 mL min-1. Weight loss (…) and evolved gases: CO (black line, m/z
= 28), CO2 (green line, m/z = 44) and H2O (blue line, m/z = 18).




We studied porosity and water adsorptivity of nanodiamonds after removal of strongly
adsorbed water since we need to understand the role of strongly adsorbed water in the
effective pores and water adsorptivity of nanodiamonds. Accordingly, we heated
nanodiamonds at 523 and 623 K in vacuo for 2 h to remove strongly adsorbed water as
much as possible (Figure 4-4). Although water may remain in the samples at the applied
temperature, in this chapter, we have addressed the relative water adsorptivity with the
porosity change. Still, we cannot discuss absolutely the relationship between the porosity
and water adsorption amount. Since the intensity of the water mass profile (m/z = 18) was
higher even after 450 K than those of CO (m/z = 28) and CO2 (m/z = 44), we assume that
the signal of water comes from strongly adsorbed water on the hydrophilic sites of
nanodiamonds. The thermal treatment for 2 h at 423 K leads to a weight loss of 14 mg g 1

while heating at 623 K gives rise to the weight loss of 27 mg g -1. The weight loss after

heating at 623 K for 2 h is twice that by treating at 423 K for 2 h (1.6 and 0.5%,
respectively). Here, we assume that the weight loss from the sample comes from
desorption of water from the nanodiamond sample. The extent of desorption of water is
associated with the porosity change, as discussed here. Moreover, when preheating at 423
K or lower temperature, only water loosely adsorbed is removed, as seen for a massive
weight loss in the derivative of weight loss. The derivative of weight loss of
nanodiamonds heated at 623 K shows several peaks. These are probably due to the
removal of water from different pore sizes and the low degree of reduction of oxygencontaining functional groups such as lactone or carboxylic groups. 24 The weight loss
observed after both heating treatments is related to desorption of water or functionalities,
and the unblocking of pores.




Figure 4-4. Thermogravimetric analyses and profile of change of mass respect of time of
nanodiamonds heated at (a) 423 and (b) 623 K for 2 h in nitrogen gas (150 mL min-1).
Weight loss (―) and derivative of weight loss (···). The sections shaded in colors indicate
different regions of the heating profile 298-323 K (yellow), 323 K for 1 h (purple), 323
K- target temperature (green), isothermal treatment at the target temperature (blue). The
heating rate during ramping was 5.0 K min-1.




The FTIR study on nanodiamonds heated ex-situ at 423 K at room temperature and
relative humidity of 20% supports the presence of strongly adsorbed water, as seen in
Figure 4-5. Although we measured the FTIR spectrum in air, the possible adsorption
amount of water during the measurements is less than 6% (from the water adsorption
isotherm). The FTIR spectrum shows explicitly the IR bands of water at 3320 and 1630
cm-1. 9,10,26,27 According to Jiang et al., the strongest signal at 3370 cm-1 with a shoulder
at 3320 cm-1 denotes the presence of water in the sample. 10 Similarly, adsorbed water
provides a strong absorption band at 1630 cm-1 due to the bending mode of the OH group
of water molecules. The signals from 2250 to 2400 cm-1 could be an artifact of CO2, while
those from 2250 to 2000 cm-1 could indicate either the strong intrinsic absorption signal
from the diamond ATR (resulting in a lower S/N ratio in this range) or CO during the
measurement. The possible adsorption of CO or CO2 on nanodiamonds is negligible
under the measurement conditions during the FTIR measurement (ambient conditions).
Evidence of low degree of functionalization is given by very slight signals observed at
1710, 1255 and 1100 cm-1. Those signals correspond to oscillations of the stretching
vibration mode of C-O in carbonyl and carboxyl groups, the presence of C-O from ester
or epoxy groups, and the C-O stretching vibration mode in carbonyl groups,
respectively.10,26-28 The slight signals at 1310 and 1255 cm-1 indicate nitrogen content in
nanodiamonds, while the band 2854-2932 cm-1 indicates different CH groups in
nanodiamonds.28 The present FTIR spectrum strongly suggests that water remains
trapped within the nanodiamond aggregates even after the thermal treatment at 423 K for
2 h forming intermolecular hydrogen bonding resulted of the interaction of adsorbed
water molecules with the neighbor’s ones.




Figure 4-5. FTIR spectrum of nanodiamonds heated ex-situ at 423 K for 2 h in vacuo.
The spectrum was taken at a relative humidity of 20%.

Wide range XPS showed that the major constituent of nanodiamonds was carbon and
that the contents of oxygen (O1s) and nitrogen (N1s) were 2.8–4.8% and 0.8–1.0%,
respectively. The oxygen detected indicates the presence of surface functional groups,
which stems from the purification treatments such as oxidation with acids and beadsmilling. This amount of oxygen does not change significantly after the thermal treatments
applied in this study. Nitrogen comes from the precursors and the oxygen mainly located
at the surface stems from the post-purification treatments; most of the commercial
nanodiamonds contain a small fraction of nitrogen of 1–4%.19,20 The C1s XPS spectra of
nanodiamond samples before and after the thermal treatment in vacuo together with the
deconvoluted spectra are shown in Figure 4-6. The higher the heating temperature, the
slightly lower the oxygen content.




Figure 4-6. High-resolution C1s XPS spectra of nanodiamonds (a) non-heated and heated
at (b) 423 K and (c) 623 K for 2 h in vacuo. Open circles indicate experimental data and
straight lines indicates fitted data on deconvolution.

Table 4-1 shows that the constituents of carbon in at.% of the nanodiamond samples
are sp3-hybridized carbon of 48%, carbon bonded to hydrogen (and nitrogen) of 26–28%,



sp2-hybridized carbon of 18% and 6–7% of carbon bonded to oxygen. The heating at 623
K does not change the content. However, we exposed the sample heated at 623 K to air
before the XPS measurement. Nevertheless, we can say that the nanodiamond samples
have a low amount of oxygen groups covalently bonded to carbon in nanodiamonds. The
oxygen/carbon atomic ratio of nanodiamonds without heat treatment is lower than the
reported value,29 indicating the presence of a slight amount of surface functional groups.

Table 4-1. Constituents of C1s (at.%) from XPS analysis of nanodiamonds before and
after thermal treatment at different temperatures in vacuo.
C1s components

non-treated ND

423 K; 2 h

623 K; 2 h

Position

%

Position

%

Position

%

C sp2

284.1

18.4

284.1

18.2

284.1

17.9

C sp3

285.2

48.0

285.3

46.6

285.2

47.5

C-H, C-N

286.3

26.9

286.4

28.2

286.4

28.1

C-O

287.7

6.7

287.8

6.9

287.8

6.5

Fitting accuracy: > 95%, G-L (60-40), FWHM 1.5 + 0.1 eV
sp2/sp3 ratio: 0.38, 0.39 and 0.38 for non-treated, treated at 423 and 623 K, respectively.

4.3.2 Pore structure change of nanodiamond aggregates on heating
Figure 4-7 shows the nitrogen adsorption isotherms at 77 K of thermally treated
nanodiamonds. All adsorption isotherms exhibit the typical Type IV according to the
IUPAC classification;30 considerably large adsorption below P/P0 = 10-2 from adsorption
in micropores, a gradual increase in adsorption above P/P 0 = 10-2 due to both adsorption
in large micropores and mesopores and a subsequently pronounced hysteresis loop around
P/P0 = 0.5–0.8 due to typical capillary condensation in mesopores. 31 From Figure 4-7a
and Figure 4-7b, one can observe a notorious increment in the saturated nitrogen



adsorption amount as the heating temperature increases from 423 K to 623 K. Figure 47c reveals pore size distributions in the range of 1–6 nm together with slight contribution
due to ultramicropores. The pore size distribution has a predominant peak at around 4.5
nm. The heating at a higher temperature increases the porosity. Here, the observed
increase suggests the pore blocking by strongly bound water molecules of the
nanodiamond samples, which will be discussed later in porosity change on pre-adsorption.
Table 4-2 shows the pore structure parameters of nanodiamonds heated at different
temperatures by nitrogen adsorption at 77 K. The adsorption amount increases with the
heating temperature.

Figure 4-7. Nitrogen adsorption isotherms at 77 K in (a) linear scale and (b) logarithmic
scale of P/P0; (c) QS-DFT derived-pore size distribution of nanodiamonds thermally
treated at 423 K (○), 523 K (∆) and 623 K (□) for 2h in vacuo. Solid and open symbols
indicate adsorption and desorption branches, respectively in Fig. (a) and (b). I, II and III
in Fig. (c) correspond to the regions of ultramicropores, supermicropores (0.7 nm < pore
width < 2 nm) and mesopores, respectively.



The values of surface area calculated by SBET are about 25% higher than the obtained
by SSPE of the હs-plots. BET method overestimates the surface area since the phenomenon
of pore filling and capillary condensation is not adequately represented in the BET
equation. The corresponding હs-plots are shown in Figure 4-8, and the calculated surface
areas in Table 4-3. We see a gradual increase of total pore volume up to 20% from 423 to
623 K of the heating temperature; the micropore volume increases by 1.8 times.

Table 4-2. Pore structure parameters from nitrogen adsorption isotherms at 77 K of
nanodiamonds heated at different temperatures.
Heating
temperature

Total pore
volume

SBET

SSPE

at P/P0 = 0.97
3

-1

2

m g

-1

2

m g

Micropore

Mesopore

volume (DFT)

volume (DFT)

(< 2 nm)

(2−6 nm)

3

cm g

cm3 g-1

-1

-1

K

cm g

423

0.36 ± 0.02

295 ± 7

235 ± 5

0.04 ± 0.02

0.30 ± 0.02

523

0.39 ± 0.03

317 ± 20

246 ± 32

0.04 ± 0.02

0.33 ± 0.02

623

0.43 ± 0.02

349 ± 14

292 ± 29

0.07 ± 0.03

0.34 ± 0.02

Figure 4-8. હs-plots of nitrogen adsorption isotherms at 77 K for nanodiamonds thermally
treated at 423 (○), 523 (∆) and 623 K (□) for 2 h in vacuo.




Table 4-3. Surface areas calculated from the હs-plots of nitrogen adsorption isotherms at
77 K for nanodiamonds thermally treated at 423, 523 and 623 K for 2 h in vacuo.
SSPE

Internal area

External area

K

m2 g-1

m2 g-1

m2 g-1

423
523

231
268

212
247

19
22

623

312

285

27

Heating temperature

Argon adsorption isotherms at 87 K in Figure 4-9 show that the increase of the argon
adsorption amount with an elevation of the heating temperature is not remarkable
compared with nitrogen adsorption.

Figure 4-9. Argon adsorption isotherms at 87 K in (a) linear scale and (b) logarithmic
scale of P/P0; (c) QS-DFT derived-pore size distribution of nanodiamonds thermally
treated at 423 K (○), 523 K (∆) and 623 K (□) for 2 h in vacuo. Solid and open symbols
indicate adsorption and desorption branches, respectively in Fig. (a) and (b). I, II and III
in Fig. (c) correspond to the regions of ultramicropores, supermicropores (0.7 nm < pore
width < 2 nm) and mesopores, respectively.



Table 4-4 shows the change in pore structure parameters of nanodiamonds with
heating temperature from argon adsorption. The corresponding હs-plots are shown in
Figure 4-10, and the calculated surface areas in Table 4-5. The heating at 523 K does not
increase markedly the porosity, whereas the heating at 623 K gives a large increment of
the total porosity by 20%.

Table 4-4. Pore structure parameters from argon adsorption isotherms at 87 K of
nanodiamonds heated at different temperatures.
Heating
temperature

Total pore
volume

SBET

SSPE

at P/P0 = 0.97
3

-1

2

m g

-1

2

m g

-1

Micropore

Mesopore

volume (DFT)

volume (DFT)

(< 2 nm)

(2−6 nm)

3

cm g

cm3 g-1

-1

K

cm g

423

0.37 ± 0.02

265 ± 10

197 ± 3

0.05 ± 0.02

0.32 ± 0.02

523

0.38 ± 0.02

283 ± 10

218 ± 3

0.05 ± 0.02

0.32 ± 0.02

623

0.43 ± 0.02

318 ± 12

245 ± 10

0.06 ± 0.02

0.37 ± 0.02

Figure 4-10. હs-plots of argon adsorption isotherms at 87 K for nanodiamonds thermally
treated at 423 K (○), 523 K (∆) and 623 K (□) for 2 h in vacuo.



Table 4-5. Surface areas calculated from the હs-plots of argon adsorption isotherms at 87
K for nanodiamonds thermally treated at 423, 523 and 623 K for 2 h in vacuo.
Heating temperature

SSPE
2

Internal area

m2 g-1

195

193

2

523

218

215

3

623

252

248

3

m g

423

2

-1

External area

m g

K

-1

External surface area refers to the surface of the bulk sample outside the pores, while
internal surface area accounts for the surface of all pore walls. Table 4-3 and Table 4-5
show that about 90% of the total surface area of nanodiamonds aggregates corresponds
to the internal surface area. Therefore, most of the surface area of nanodiamonds derives
from the interparticle pores; micropores and small mesopores, rather than from the surface
of the bulk sample outside the pores.

A comparison plot of the adsorption isotherms of nanodiamonds heated at 523 and
623 K against that of the nanodiamonds heated at 423 K in Figure 4-11 gives important
information on the pore-blocking effect due to very small microporosity. An upward
deviation of the comparison plot indicates the presence of the pores having stronger
adsorption sites in the nanodiamonds heated at 523 K or 623 K. The upward deviations
below and above 50 mg g -1 of nitrogen adsorption of nanodiamonds heated at 623 K in
Figure 4-11a derive from adsorption in micropores and mesopores of larger capacity than
in the sample heated at 423 K, respectively, agreeing with the pore size distribution of
Figure 4-7c. The comparison plot of nanodiamonds heated at 523 K exhibits slight
upward deviations similar to those heated at 623 K. Hence, the heating at 623 K can



remove more efficiently the pore blocking effects than the heating at 523 K. Figure 411b shows linear comparison plots for argon adsorption isotherms, which indicates the
small pore-blocking effect even in the nanodiamonds heated at 423 K. Argon adsorption
can evaluate more accurately the microporosity of nanodiamonds heated at 423 K than
nitrogen adsorption. Accordingly, nanodiamonds heated at 423 K have pore mouth
structures where nitrogen is not accessible, but argon is. The FTIR supports the presence
of water in nanodiamond aggregates after the heating at 423 K, as shown in Figure 4-5.

Figure 4-11. Comparison plots of (a) nitrogen adsorption isotherms at 77 K and (b) argon
adsorption isotherms at 87 K of nanodiamonds thermally treated in vacuo at different
temperatures: 423 K (○), 523 K (∆) and 623 K (□) for 2 h in vacuo. I: ultramicropore
range; P/P0: < 10-2, II: supermicropore range; P/P0: < 0.05, III: mesopore range; P/P0: >
0.05.



Water molecules strongly adsorbed in the micropores induce an explicit pore-blocking
effect; the micropores link with mesopores and thereby the pore blocking freenanodiamonds heated at 623 K provides larger microporosity and mesoporosity. The pore
mouth structures of nanodiamonds heated at 523 K are not sufficiently removed compared
with those in nanodiamonds heated at 623 K.

4.3.3 Relationship between water adsorption property and hydrophilic pore
mouth structure
The molecular size of a water molecule is the smallest of the three probe molecules
nitrogen, argon and water; their kinetic diameters are 0.36, 0.34 and 0.28 nm,
respectively.12,13,32 Water molecules are preferentially adsorbed on the hydrophilic sites
through hydrogen bonding and water adsorption at 298 K has the great advantage of
avoiding the pore blocking effect. Accordingly, comparison of water adsorption with
adsorption of nitrogen and argon should give essential information on quite narrow
porosity such as ultramicroporosity.33 The water adsorption isotherms of nanodiamonds
heated at different temperatures are shown in Figure 4-12. The adsorption isotherms of
these nanodiamonds are similar to those of hydrophobic nanoporous carbons, 34–37
exhibiting a predominant adsorption hysteresis. The saturated adsorption amount
increases with the elevation of the heating temperature (Figure 4-12a). The water
adsorption isotherm of nanodiamonds has a non-negligible low-pressure adsorption
hysteresis below P/P0 = 0.4, being different from that of hydrophobic nanoporous carbons
(Figure 4-12b). The adsorption differences between the adsorption and desorption
branches below P/P0 = 0.4 for nanodiamonds samples heated at 423 K, 523 K, and 623 K
are 0.1, 0.4 and 4.0%, respectively. These differences should be associated with



ultramicropores in which even water molecules cannot smoothly access.

Figure 4-12. Water adsorption isotherms at 298 K of nanodiamonds heated at 423 K ( ○)
523 (∆) and 623 K (□) for 2h in vacuo in (a) the whole P/P0 range and (b) the lower P/P0
range. Solid and open symbols indicate adsorption and desorption branches, respectively.

If we assume that the adsorbed phase in pores is liquid following the Gurvich rule, 30,38
we can compare the filling ratio of different probe molecules. As the steep increase of
water adsorption above P/P0 = 0.9 stems from adsorption on the large mesopores that are
covered with water molecules in ultramicropores on the mesopore walls, the plausible
saturated water adsorption amount must be determined by the extrapolation of the
isotherms in the range of P/P0 = 0.7–0.9. The corresponding adsorption isotherms are
given in Figure 4-13. Thus, we determined the total pore volumes in liquid volume at
298 K for water, assuming the adsorbed water density as 1 g cm-3.




Figure 4-13. (a) Nitrogen (b) argon and (c) water adsorption isotherms at 77 K, 87 K and
298 K, respectively for the nanodiamonds thermally treated at 423 K (○) 523 (∆) and 623
K (□) for 2 h in vacuo. Here the adsorption amount is expressed by liquid volume. Solid
and open symbols indicate adsorption and desorption branches, respectively.

Table 4-6 compares the adsorption capacity of nanodiamonds heated at different
temperatures in terms of liquid volume for water, nitrogen and argon. The water uptake
is similar to the nitrogen or argon uptake in volume units for the sample heated at 423 K,
indicating that heating at 423 K can desorb only weakly adsorbed water and not enough
to remove the pore-blocking effect by strongly bound water molecules to the
ultramicropores. These ultramicropores still blocked for further adsorption of even small
molecules such as water. The adsorbed amount of water under the assumption of liquid
state for nanodiamonds heated at 523 and 623 K is larger than the adsorption amounts of
nitrogen and argon by about 15% (0.06 mL g-1) and 24% (0.1 mL g-1), respectively. Such
values of adsorption volumes of water are calculated from the average total pore volumes
at P/P0 = 0.97 for water, nitrogen and argon presented in Table 4-6, considering the
standard deviation. These porosities of 0.06 mL g-1 and 0.1 mL g-1 for nanodiamonds



heated at 523 or 623 K, respectively should originate from small ultramicropores where
only water molecules can be strongly adsorbed. Those sites should donate the high
hygroscopic nature to the detonation nanodiamonds, which we previously reported. 7

Table 4-6. Total pore volumes (at P/P0 = 0.97) for water, nitrogen and argon of
nanodiamonds treated at different temperatures.
Heating temperature
K

Water
mL (liq.) g

Nitrogen
-1

mL (liq.) g

Argon
-1

mL (liq.) g-1

423

0.37 ± 0.03

0.36 ± 0.02

0.37 ± 0.02

523
623

0.44 ± 0.04
0.54 ± 0.02

0.39 ± 0.03
0.43 ± 0.02

0.38 ± 0.02
0.43 ± 0.02

The above results with the comparative analysis using adsorption of nitrogen at 77 K,
argon at 87 K, and water at 298 K on nanodiamonds treated at different temperatures
clearly evidence the hierarchical pore structure consisting of mesopores, supermicropores
(0.7 nm < pore width < 2 nm) and ultramicropores (pore width < 0.7 nm). Here, we
determined the pore structure accurately according to the IUPAC recommendation 30 with
high-resolution હs-plots analysis and the QS-DFT method with the referable information
from electron microscopic observation, thermal gravimetry, and X-ray photoelectron
microscopy; the structural understanding of the ultramicropores and their role in the water
vapor adsorption are firstly evidenced through this study. Preceding literature suggested
the relationship between water adsorption and mesopores,39 and the key role of surface
functional groups, that is well-known in water adsorption on various carbon materials. 40,41
In hydrogenated nanodiamonds, the electron accumulation at the hydrogenated
nanodiamond-water interface was evidenced to be the reason for hydrophilic nature. 42,43
As to our nanodiamonds are not hydrogenated, the electron accumulation effect must not



be the predominant factor. The present study newly elucidate the essential role of the
ultramicropores between the surface graphene and core-diamond in addition to the
surface functional group, which our preceding research could not show. 7 Figure 4-14
shows a graphic representation of the differences in the water, argon and nitrogen
adsorption on nanodiamonds. Here, it is clearly seen how water molecules could penetrate
the interstices in nanodiamond aggregates giving rise to higher water adsorption.

Figure 4-14. Adsorptive-dependent pore blocking in nanodiamonds removed by heating
in vacuo giving rise to higher adsorption of water (above). Nanodiamond aggregate
indicating ultramicropores; sites where the adsorption of water molecules is favored
(below).



Since other forms of carbon can adsorb water as well, it is important to show a brief
comparison. Carbon black is a widely studied material for adsorption, which is different
from nanodiamonds. There are nonporous and porous carbon blacks. The pore structure
of carbon blacks changes depending on the graphitization. In order to compare the water
adsorption between nanodiamonds and carbon black, we must choose a highly graphitized
carbon black. Graphitized carbon black cannot adsorb water at least in the low relative
pressure range.44 The structure of nanodiamonds sp3-hybridized carbon covered by
irregular patches of graphene-like carbon is completely different from that of carbon
black with some degree of order in graphite-like crystals. Nanodiamonds present ordered
structure (clear lattice structure as observed in the TEM image) and have unique
ultramicropore interstices in addition to mesopores. The water adsorption starts even from
low relative pressure, being indicative of the marked water affinity of nanodiamonds.

4.4

Conclusions

This study combined nitrogen, argon and water adsorption for characterization of the
pore structure of nanodiamond aggregates and provides valuable information as follows.
First, nanodiamond aggregates have pore mouth structure that avoids the smooth access
of nitrogen molecules but not of argon and water. Second, thermal treatment at 623 K
favored the increment of ultramicroporosity and large microporosity by the removal of
the pore blocking by strongly adsorbed water, which induces the hydrophilic nature of
nanodiamonds aggregates. Third, the high hygroscopic behavior of nanodiamonds is
attributed to water molecules adsorbed in ultramicropores, where only water molecules
are accessible. The hydrophilicity due to these strongly bound water molecules in
ultramicropores of the nanodiamonds can be used to design a new type of porous carbons



exhibiting hydrophobic to hydrophilic property transformation.
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Chapter 5

5. Anomalous water adsorption behavior of prolonged
heated nanodiamonds
Abstract. Nanodiamond aggregates have attracted attention as hygroscopic materials.
They contain water in the aggregated structure that could be removed by long-time
thermal treatments. Removal of water from nanodiamonds must leave a higher amount of
available pores for further adsorption of target molecules. Hard-hydrogel of detonation
nanodiamonds was thermally treated at 423 K for 2, 10 and 52 h, followed by humiditycontrolled exposure (RH = 10, 50 and 96%) in order to determine the mechanism of water
pore filling, and the optimum range of humidity for their best sensitivity and water
adsorption performance. Long-term heated nanodiamond aggregates agglomerate further
decreasing the small porosity available for nitrogen adsorption due to the loss of structural
water molecules. However, they have a flexible structure that can be expandable by the
adsorption of water molecules.




5.1 Introduction
Control of humidity levels is important to assure human comfort and proper state of
some equipment, goods, food, and so on. A hygroscopic material can be applied as a
humidity controller because it can quickly absorb water. As mentioned before, aggregates
of nanodiamonds have the ability of hydration when exposed to humid air and retain
moisture.1,2 Some studies relate this property to the hydrogen bonding due to the electron
accumulation at the nanodiamond-water interface in hydrogenated nanodiamonds.3
Recently, we described the relationship between pore structure of nanodiamonds
aggregates and water vapor adsorption. The higher the outgassing of nanodiamonds, the
greater ability to adsorb water.4 Hydrogels of nanodiamond aggregates have a structure
of sp3-hybridized carbon covered by partially oxidized sp2-hybridized carbon, and
surrounded by a hydration shell, hierarchical porosity; micropores an mesopores; and
high specific area; about 300 m2 g-1 when heating at 623 K for 2 h in vacuo.2 Ji et al.
reported a strong adsorption of water molecules even at a relative humidity (RH) lower
than 35%. Water contained in nanodiamonds could be completely removed by long-time
thermal treatments; 423 K for 15 h under high vacuo5 or at 473 K under 15 hPa for 10 h
for the determination of water contents in single-nano buckydiamond gels;6 more pores
are available for further adsorption of target molecules when water is removed from the
samples. Besides, some materials show different performance on the adsorption of
humidity depending on the relative humidity of the environment. For example, clays
increase the water content when increasing RH, having greater adsorbed amount above
50% RH explained by capillary adsorption in the pore network, while the adsorption at
lower RH is mainly due to adsorption on the external surface. 7 Adsorption of water by
graphene oxide films show dependence to RH; at low RH, water molecules are primarily



physisorbed onto the available active sites (strong adsorption by double hydrogen
bonding to hydrophilic groups or vacancies) of the graphene oxide surface yielding the
first-layer of physisorbed water.8 Adsorption of water on a nanodiamond film was
explained by the classical model for adsorption of water on carbons involving only the
presence of oxygen-containing surface groups.9 However, our previous research also
linked it to the presence of hydrophilic sites due to the presence of small micropores. 2
Nanodiamonds are suitable for water-diamond related applications due to the potential as
hygroscopic materials. Therefore, the need for fundamental studies of water considering
the accessibility of adsorption sites, and the interaction strength of the waternanodiamond surface under a broad range of conditions of RH. In the present study, we
report the adsorbed water content on nanodiamonds as a function of RH on different
degrees of outgassed nanodiamonds at a mild temperature in order to derive the
mechanism of pore filling of water and the optimum range of humidity for their best
sensitivity, and water adsorption performance.

5.2 Experimental section
5.2.1 Sample preparation
Nanodiamonds in the form of a hard hydrogel (Nano-Carbon Research Institute, Ltd.,
Japan) were outgassed at 393 K for 2 h in a vacuum oven. Afterward, the sample was
separated into several portions to apply different thermal treatments, followed by
humidity-controlled tests (see Figure 5-1).




Figure 5-1. Experimental set-up for pre-adsorption of water on nanodiamonds.

5.2.2 Characterization of nanodiamonds
Thermogravimetric analysis from room temperature to 1000 K of nanodiamonds
before and after heating at 423 K for 2 h and 52 h in an Ar atmosphere (100 mL min-1)
was performed by using a Thermal Analysis system STA 7200, Hitachi. XPS analysis was
carried out to examine the surface chemistry of nanodiamonds before and after the
thermal treatments in vacuo by using an AXIS-ULTRA, Kratos equipment with an Al Kહ
X-ray 12 kV source. Heated samples were maintained in vacuo without exposure to air
prior to the thermogravimetric and XPS analyses. The obtained results were calibrated at
285 ± 0.2 eV corresponding to the sp3 carbon of nanodiamond. X-ray diffraction pattern
(XRD) of nanodiamonds was measured at room temperature using the X-ray
diffractometer (SmartLab X-ray, Rigaku Co.) with a Cu Kહ (40 kV and 30 mA) source.




5.2.3 Porosity change of nanodiamonds on pre-adsorption of water
Water absorptivity was determined by a controlled humidity test for nanodiamonds
outgassed at 423 K in vacuo for 2 h and 52 h to remove contained water. Specifically, 25
mg of nanodiamond powder; previously outgassed; was placed inside a glass bottle
containing sulfuric acid solutions at a specific concentration to produce controlled RH of
10, 50 or 96%. The bottles at different RH were placed into a water bath at 298 K.10 After
that, the bottles were closed perfectly to allow the exposure of nanodiamonds only to
water vapor produced by the H2SO4 solution; without direct wetting by the liquid solution;
for one week at room conditions. Afterward, the pore structure of nanodiamonds was
evaluated by nitrogen adsorption isotherms at 77 K. The samples of nanodiamonds after
outgassing at 423 K for either 2 h or 52 h, and after equilibration of water adsorption were
measured in order to evaluate the porosity change on pre-adsorption of water vapor by
means of a volumetric apparatus (Quantachrome-Autosorb IQ2). Pore size distributions
were determined by Quenched Solid Density Functional Theory (QS-DFT) assuming a
slit shape pore geometry model.

5.2.4 Water adsorption
Water adsorption isotherms at 298 K of nanodiamonds outgassed at 423 K for 2 h and
52 h were performed on a VSTAR equipment (Quantachrome).

5.3 Results and discussion
5.3.1 Structure and chemistry change of nanodiamond aggregates on heating
Figure 5-2 shows the change of mass of nanodiamonds before and after heating at 423 K
for 2 h and 52 h and the corresponding change of weight with respect to time. Both plots



clearly show a massive weight loss for non-thermally treated nanodiamonds at a
temperature lower than 750 K, which is higher than the weight loss observed for
nanodiamonds heated at 423 K. This weight loss is associated with the removal of water
contained in non-thermally treated nanodiamonds. The hydrogel of nanodiamonds
contains water that could be removed by heating at 473 K for 10 h.6 Bulk water is
desorbed from nanodiamonds at a temperature below 373 K, while surface bonded water
is desorbed from 373 K up to 573 K.11

Figure 5-2. (a) Thermogravimetric analysis and (b) profile of change of mass respect of
time of non-thermally treated nanodiamonds (red line -) and heated nanodiamonds at 423
K for 2 h (dark line -) and 52 h (pink line -) in an inert atmosphere (Ar 100 mL min-1).

Figure 5-3 shows at.% contents of carbon (C1s), oxygen (O1s) and nitrogen (N1s) in
the nanodiamonds before thermal treatments and after the shortest and longest time of
treatment. As received nanodiamonds are composed of 96.5 at.%, 2.5 at.% and 1.0 at.%
of C1s, O1s, and N1s, respectively. Exposure to long-time thermal treatment (52 h at 423
K and 623 K) caused a scarce chemical change, compared with non-heated nanodiamonds.
Nanodiamonds samples were maintained in vacuo after heating, then, the difference of
weight loss observed between non-heated and heated nanodiamonds must be mainly



interpreted as water molecules contained in the nanodiamonds samples that were removed
upon heating, as shown in Figure 5-2.

Figure 5-3. Atomic contents (at.%) of C 1s, O 1s, and N 1s in non-heated and heated
nanodiamonds evaluated by XPS.

Figure 5-4 shows the results of X-ray analyses of nanodiamonds heated and exposed
to different RH. This profile shows signals at 43.8°, 75.4°, and 91.5° that correspond to
the three different facets of the crystallites [111], [220], and [311], respectively. 2,12 The
dotted line in Figure 5-4 points the position of the most prominent facet of nanodiamonds.
There is no evident change in the scattering angle of the [111] facet of none of the
analyzed samples. The signal about 23° is an experimental artifact resulted from the signal
of the glass support used for the measurement (which depends on the sample amount of
nanodiamonds used for the measurement) and does not represent a characteristic signal
of nanodiamonds. Ordered systems like graphene oxide show a shift of the characteristic
graphitic carbon peak to lower scattering angle due to the increment of graphene
interlayer spacing when water molecules are intercalated. The higher the humidity the



higher the shifting due to the swelling in the structure. 13 However, we could not observe
such feature in the nanodiamonds samples after exposure to RH probably due to the lack
of an ordered structure in the nanodiamond aggregates system, even when adsorption of
water occurs.

Figure 5-4. X-ray profiles of nanodiamonds heated at 423 K for 2 h or 52 h in vacuo
before and after exposure to 50% RH and 96% RH.

5.3.2 Effect of heating time on the pore structure of nanodiamond aggregates
Nitrogen adsorption confers information on pore structure change of thermally treated
nanodiamond aggregates. Our previous works demonstrated that nanodiamond
aggregates had a few micropores with predominant mesopores of 4.5 nm in average size
yielding unblocked ultramicropores after being outgassed at 423 K for 2 h due to the
removal of strongly adsorbed water.2,4 Consequently, nanodiamonds outgassed for a



longer time should present higher pore availability. Figure 5-5a shows the nitrogen
adsorption isotherms at 77 K of thermally treated nanodiamonds at 423 K for 2 h and 52
h, and the corresponding logarithmic isotherms are presented in Figure 5-5b. These
typical Type IV adsorption isotherms14 show considerable adsorption below P/P0 = 10-2
from adsorption in small micropores, a gradual increase in adsorption above P/P 0 = 10-2
from adsorption in large micropores and mesopores, and a subsequently pronounced
hysteresis loop from P/P0 = 0.5–0.8 due to capillary condensation in mesopores. The
average pore size is 4.5 nm in diameter, as seen in Figure 5-5d.15 Surprisingly, one can
observe a notorious decrement in the maximum nitrogen adsorption amount as the
evacuation time increases from 2 h to 52 h, with a decrease of porosity in all range of pore
dimensions (< 6 nm). Heating for 2 h removes water contained in nanodiamonds. Slight
compaction of micropore pore occurs when more water is removed; visualized by lower
adsorption of nitrogen; as the heating time increases to 10 h. Adsorption of nitrogen is
even lower when the heating time is longer (52 h) due to the agglomeration of
nanodiamonds, leaving inaccessible pores for adsorption of nitrogen molecules. This
decrease of porosity by long-time thermal treatment originates from an aging effect of the
aggregated structure of nanodiamonds; the open structure resulted by the removal of
blocking molecules is not stable, due to the loss of water structural molecules,
transforming the closing structure on long-time aging. Removal of the water solvate shells
produces incoherent interfacial Coulombic aggregates resulting in harder gels. 6,16,17
Figure 5-5c shows linear water adsorption isotherms at 298 K. It is clearly visualized
different frames of the adsorption hysteresis loop of nanodiamond samples, suggesting
that water molecules are adsorbed by a different mechanism. Here, water is adsorbed and
desorbed easier on nanodiamonds heated at 423 K for 2 h than on that heated for 52 h



where water molecules penetrate to small pores and adsorb strongly but do not desorb
easily. Water is greatly adsorbed in nanodiamonds heated at 423 K for 52 h; nanodiamond
aggregates previously compacted by outgassing are swollen by the adsorption of water
separating the nanodiamond particles.

Figure 5-5. Adsorption isotherms of nitrogen at 77 K in (a) linear scale and (b)
logarithmic scale. (c) Adsorption isotherm of water at 298 K. (d) QS-DFT derived pore
size distribution (from nitrogen adsorption) of nanodiamonds thermally treated in vacuo
at 423 K for 2h (○), 10 h (∆) and 52 h (□). In (a), (b) and (c) solid and open symbols
indicate adsorption and desorption branches, respectively.




Argon adsorption at 87 K in Figure 5-6 does not show a significant difference
between the heating at 423 h for 2 h, 10 h, and 52 h.

Figure 5-6. Adsorption isotherms of argon at 77 K in (a) linear scale and (b) logarithmic
scale. (c) QS-DFT derived pore size distribution of nanodiamonds thermally treated in
vacuo at 423 K for 2h (○), 10 h (∆) and 52 h (□). In (a) and (b) solid and open symbols
indicate adsorption and desorption branches, respectively.

Nitrogen and water adsorption isotherms of nanodiamonds heated at 623 K at 2 h, 10
h, and 52 h (see Figure 5-7) result in a similar tendency that the treatments at 423 K.
Nitrogen uptake decreased progressively with the heating time due to the removal of
water molecules adsorbed on the nanodiamonds. However, there are special features in
the water adsorption isotherm of nanodiamonds heated at 423 K for 52 h but not at 623
K for the same time; a hysteresis loop that keeps open even at low relative pressure and
the rise of water adsorption from lower relative pressure. Besides, XPS results of
nanodiamonds heated at 623 K for 2 h and 52 h show a slightly higher decrease in the
oxygen content of nanodiamonds when heating for a long time due to the higher heating



temperature, an also compared to heating at 423 K, as shown in Figure 5-7. However,
this difference still must be considered non-significant due to its low degree.
Consequently, a more detailed analysis of nanodiamonds heated at 423 K is necessary
due to the exclusive anomalous water adsorption behavior. As water adsorption behavior
of heated nanodiamonds is quite different from adsorption of nitrogen, we need key
information on water adsorption, which can be obtained from nitrogen adsorption
isotherms on nanodiamonds with water adsorbed at a different pressure.

Figure 5-7. Adsorption isotherms of nitrogen at 77 K in (a) linear scale and (b)
logarithmic scale. (c) Adsorption isotherm of water at 298 K. (d) QS-DFT derived pore
size distribution (from nitrogen adsorption) of nanodiamonds thermally treated in vacuo
at 623 K for 2h (○), 10 h (∆) and 52 h (□). In (a), (b) and (c) solid and open symbols
indicate adsorption and desorption branches, respectively.




Figure 5-8 shows nitrogen adsorption isotherms at 77 K of nanodiamonds after
exposure to different % RH. Table 5-1 shows the porosity analysis derived from nitrogen
adsorption isotherms of samples outgassed at 423 K for 2 and 52 h followed by exposure
to different RH, as presented in Figure 5-8. The total pore volume accessible for nitrogen
adsorption decreases as the RH increases from 10 to 96%. This tendency is followed for
the micropore and mesopore volume as well. Results from the controlled humidity test
shown in Figure 5-8 and Table 5-1 confirm the high hygroscopic property of
nanodiamond aggregates, aside from allowing the finer porosity analysis discussed earlier.

Figure 5-8. Nitrogen adsorption isotherms at 77 K of nanodiamonds after exposure to
different % RH. Nanodiamonds (a, b) heated at 423 K for 2 h in vacuo (○), exposed to
10% RH (○), 50% RH (○) and 96% RH (○) and (c, d) heated at 423 K for 52 h in vacuo
(□), exposed to 10% RH (□), 50% RH (□) and 96% RH (□). Plots in (a) and (c) show
linear scale, and (b) and (d) logarithmic scale. Solid and open symbols indicate adsorption
and desorption branches, respectively.



Table 5-1. Porosity of nanodiamonds exposed to different levels of % RH after thermal
treatment in vacuo at 423 K for 2 h and 52 h.
Temperature,
time

K, h

423, 2

423, 52

Relative

Total pore

Micropore volume

Mesopore volume

humidity

volume

(DFT)

(DFT)

(RH)

at P/P0 = 0.97

(< 2 nm)

(2-6 nm)

%

cm g

cm g

0

0.37

0.06

0.31

10

0.36

0.06

0.30

50

0.32

0.04

0.27

96

0.27

0.04

0.22

0

0.23

0.03

0.19

10

0.35

0.02

0.32

50

0.28

0.03

0.24

96

0.23

0.03

0.19

3

-1

3

-1

3

cm g

-1

Figure 5-9 shows the profiles of water adsorptivity of nanodiamonds exposed to
different levels of humidity after heating at 423 K for 2 h and 52 h. Those plots are
obtained by subtracting the pore size distributions from nitrogen adsorption isotherms of
samples exposed to humidity after heating to the corresponding heated samples prior to
humidity exposure, used as a reference. Therefore, we can differentiate the volume of
pores firstly occupied by water and the remained for nitrogen adsorption. Heating at 423
K for 2 h in vacuo evacuated a low amount of micropores and mesopores, while heating
at 423 K for 52 h unblocked even pores of small dimensions (< 0.7 nm); ultramicropores
are accessible for water adsorption.18 Mesopores mainly adsorb water at 10% RH when
nanodiamonds are mildly heated in vacuo. Micropores are filled more remarkably as RH
increases to 50%. Adsorption of water is greater at higher RH than at lower RH, especially



for nanodiamonds heated at 423 K for 2h. Straight exposure to high RH (96%) of
nanodiamonds heated at 423 K for 52 h results in lower total water adsorption.
Nevertheless, the adsorbed water molecules have a greater affinity for ultramicropores
compared to a shorter heating time at the same temperature.

Figure 5-9. Profiles of water adsorptivity of nanodiamonds exposed to different levels of
humidity after heating at 423 K for 2 h (a, c, e, g) and 52 h (b, d, f, h). Colors ● and ●
indicate water and nitrogen adsorbed, respectively.



Heating nanodiamonds in vacuo for a short time at mild temperature promotes
adsorption of water in micropores and mesopores. Higher volume of mesopores of 2 – 6
nm is filled as the humidity increases from 10 to 96%. However, heating nanodiamonds
at the same temperature (423 K) but for a longer time (52 h compared to 2 h) promotes
the adsorption of water from ultramicropores, which were unblocked of contained water
molecules due to the prolonged heating. A more detailed analysis of the sites for
adsorption of water is presented in Figure 5-10. The higher percentage of water
adsorption amount comes from mesopores, which holds more volume of adsorbed water,
and adsorption on ultramicropores is marked at longer heating of nanodiamonds.

Figure 5-10. Normalized distributions of adsorbed water on nanodiamond pores of
different dimensions evaluated from the absorptivity test at a controlled humidity of
nanodiamonds after heating at 423 K for (a) 2 h, and (b) 52 h with further exposure to
10%, 50% and 96% RH.



A long-time treatment at mild temperature (423 K for 52 h) enhances the adsorption
of water from ultramicropores at low relative humidity (10% RH) with consequent
adsorption on supermicropores and micropores. As the relative humidity increases, water
molecules start to adsorb on small mesopores and finally larger mesopores hold adsorbed
water molecules. Water molecules are strongly adsorbed on ultramicropores that play the
role of hydrophilic sites, and subsequent adsorption of water molecules on nanodiamonds
reaches the equilibrium to give the total water adsorption amount.

5.4

Conclusions

Water is adsorbed on hydrophilic sites of nanodiamonds. Long exposure to thermal
treatment results in the agglomeration of nanodiamond particles leaving lesser pores
accessible for nitrogen uptake. However, water molecules can re-open the nanodiamond
aggregate yielding significant water adsorption. Therefore, one can assume that
prolonged heated nanodiamonds present a flexible structure that can be expandable by
the adsorption of water molecules. Mild heating in vacuo cannot unblock the
ultramicropores in the nanodiamond assembly. As a result, the filling of pores starts from
supermicropores and continues on to mesopores as RH increases yielding higher water
adsorption at higher relative humidity. On the contrary, long term-heated nanodiamond
exposed to low RH provides significant water adsorption from ultramicropores, which
still are accessible for adsorption of water molecules even after the conglomeration of
nanodiamond particles due to the prior water removal by excessive heating time. As
humidity increases, mesopores becomes important for adsorption of water.
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Chapter 6
6. Unusual hygroscopic nature of nanodiamonds in
comparison with well-known porous materials1

Abstract. Nanodiamond aggregates have interparticle pores of 4.5 nm on average,
exhibiting porous nature involved in their water storage. This work studies the
hygroscopic nature of porous nanodiamond aggregates by water absorption based on
liquid water droplets. Nanodiamond aggregates show hydrophobicity from the water
vapor adsorption. Surprisingly, porous nanodiamond aggregates quickly absorb water
droplets at the bulk scale. The volume of absorbed liquid water is comparable to that of
the water-absorbing clay Montmorillonite and higher than those of zeolites ZSM-5 and
molecular sieve 5A. This hygroscopic nature of nanodiamonds is ascribed to the microand mesoporous structure of their aggregates and the special core-shell structure of each
nanodiamond particle (wrapped by graphene-like carbon). The absorption rate of liquid
water in the porous nanodiamonds is influenced by the surface wettability, while the
hygroscopic capacity depends mainly on the hierarchical porosity.

1

Adapted from Piña-Salazar, E. Z. et al. (2019). Unusual hygroscopic nature of nanodiamonds in

comparison with well-known porous materials. J. Colloid Interface Sci. 549, 133–139.
Copyright © 2019, with permission from Elsevier.




6.1

Introduction

The world has increasing demands for advanced materials in water sensing from the
viewpoints of water resources and medical applications. In particular, porous
nanodiamonds can exhibit high electrical and thermal conductivity and are promising as
high-performance water sensors due to the changes in the electrical conductivity of
nanodiamonds with pre-adsorbed water when applying a thermal treatment.1
Consequently, we need to clarify the origin and extent of the hygroscopic nature of
nanodiamonds. A hygroscopic material has the ability to absorb water from a humid
environment. Some porous materials capture liquid water in their structures depending
on their hydrophilic nature, texture and hierarchical particle structure. Nanodiamonds are
polyhedral particles of sp3-hybridized carbon, wrapped by sp2-hybridized carbon of
different nature such as graphene-like, graphitic and amorphous carbon.2-6 Aggregation
of nanodiamond particles gives rise to pores in the order of mesopores and micropores. 79

Interaction and reactivity of nanodiamonds with water plays a significant role in the

manufacture or design of new devices such as stable electrodes or biological sensors,
water-absorbent materials or in their applications in fields such as biomedicine. 10,11 Water
wettability of nanocrystalline diamond films on Si substrate in terms of the air-water
contact angle (WCA) at ambient conditions is 73 ± 3°, being close to the contact angles
76 ± 5° and 71 ± 3° of the 111 and 110 faces of diamond, respectively; while CVD
nanodiamonds have a larger contact angle of 93 ± 2°.12 Notwithstanding the relevance of
determining the wettability of nanodiamonds, their powder sample induces difficulty in
the contact angle measurement due to porosity and surface roughness, which influence
the wettability.13 As the wettability is a key factor for the hygroscopic nature of solid
materials, we need to obtain a comparative measure of the wettability of powdered



nanodiamond samples. Hydrophilic porous materials such as silica gel, zeolites, and clays
have the ability to absorb water.14-16 Some hydrophobic porous carbon aerogels and nonoxidized graphitic materials adsorb water vapor under a high relative pressure region
(P/P0 = 0.5–0.8) and retain water in their micropores and small mesopores,17-19 through
the formation of water clusters.20 Water sorption is influenced by the hydrophilic
character and by the capacity and type of porosity, while the hydrophilicity of the pore
walls determines wettability through the formation of hydrogen bonds between water
molecules and the pore surface.18 Water sorption is influenced by the hydrophilic
character and by the capacity and type of porosity, while the hydrophilicity of the pore
walls determines wettability through the formation of hydrogen bonds between water
molecules and the pore surface.19 Recently, we reported the hygroscopic phenomenon of
nanodiamonds where a nanodiamond pellet quickly absorbs a water droplet, even though
the water vapor adsorption isotherm of the nanodiamonds indicates a considerable
hydrophobicity. That is, the water adsorption isotherm of nanodiamonds has an initial
uptake below P/P0 = 0.1, being different from the typical hydrophobic carbon. 3 The
presence of narrow sites for adsorption in a micropore/mesopore ratio of 0.15 triggers
predominant adsorption of water vapor, inducing the transformation from microscopic
hydrophobicity of the surfaces involved to the hygroscopic nature of bulk nanodiamond
aggregates.21 This chapter presents a semi-quantitative evaluation of the hygroscopic
nature of nanodiamond pellets by the relative measure in terms of the wettability for water
and the amount of water absorbed in comparison with well-known porous materials and
aims understanding their efficiency as hygroscopic materials and describing the porosity
role (evaluated by nitrogen adsorption) on the absorption of liquid water. Absorption




refers to the intrusion of water droplets in the nanodiamond aggregates while adsorption
is used for the physical attachment of nitrogen and water vapor on the surfaces.

6.2

Experimental section

6.2.1 Materials
Detonation nanodiamonds in the form of a hard hydrogel (average particle size 3.0 ±
0.5 nm, density 2.2 x 1019 particles g-1) were obtained from the Nano-Carbon Research
Institute, Ltd., Japan. Montmorillonite (SiO2/Al2O3 powder, pH 3-4) was purchased from
Sigma-Aldrich. Mordenite (SiO2/Al2O3 220 mol mol-1, Na2O 0.05% wt. and LOI 6.3%
wt.) and zeolite socony mobil-5 (ZSM-5; average particle size of 4.2 Pm, SiO2/Al2O3
2120 mol mol-1, Na2O 0.01% wt. LOI 2.1% wt.) were obtained from TOSOH
Corporation, Japan. The pelletized molecular sieve 5A (MS-5A; rod diameter of 1.6 mm,
composition

abt.

80%

of

zeolite

and

abt.

20%

of

clay

binder

(Ca 4,5

[(AlO2)12(SiO2)12].nH2O)) was obtained from Nacalai Tesque, USA. Silica gel powder
was produced by grinding silica beads (type A, sphere diameter of 4–6 mm, SiO2 >
99.8%) from Tokai Chemical Industry Co. Japan. Activated Carbon Fibers (ACF-A10)
of hydrophobic nature obtained from Ad’all Co. Japan were used as a reference. All
materials were ground with mortar to facilitate further pelletizing. Grinding treatment was
performed only enough for sieving the materials by series of sieves with progressively
smaller pores in the range of 500 μm to 75 μm for the reference solids of non-powder
nature as as-received; MS-5A, silica gel, and ACF-A10. Afterward, pellets of 0.5 cm of
diameter and densities between 1.0 to 1.6 g cm-3 were produced by mechanical pressure.
The optimum conditions of producing and outgassing the pellets are specified in Table
6-1.



Table 6-1. Optimum conditions for outgassing the powder materials before nitrogen (77
K) or water (298 K) adsorption, pelletizing conditions and apparent densities of the pellets.
Pelletizing
conditions

Material

Outgassing conditions
Temperature (K); time (h)

Nanodiamond

423 K; 2 h

2 MPa; 10 min

1.3

Montmorillonite

423 K; 12 h

4 MPa; 10 min

1.3

Mordenite
ZSM-5

573 K; 12 h
523 K; 3 h

4 MPa; 10 min
4 MPa; 10 min

1.0
1.1

MS-5A

573 K; 12 h

4 MPa; 10 min

1.2

Silica gel

423 K; 12 h

4 MPa; 10 min

1.1

ACF-A10

393 K; 2 h

14 MPa; 30 min

1.0

Mechanical
pressure (MPa);
time (min)

Pellet density
g cm-3

6.2.2 Characterization
The morphology of pelletized nanodiamonds, Montmorillonite, mordenite, ZSM-5,
MS-5A, and silica gel was examined by means of a field-emission scanning electron
microscope (FE-SEM; JEOL, JSM-7000F). The pore structure was determined
volumetrically by nitrogen adsorption at 77 K using the apparatus Autosorb iQ
(Quantachrome), after heating at 423 K and 10−4 Pa for 3 h applying the BET method.
Pore size distributions were obtained after applying the Density Functional Theory (DFT)
to the nitrogen adsorption isotherms using the software provided by Quantachrome. The
pore size distribution was obtained by the solution of the General Adsorption Isotherm.
Such isotherm correlates the experimental isotherms to a collection of theoretical
adsorption isotherms representing the adsorption in pores of different sizes (width) of a
given pore shape at a given temperature) for the particular adsorbate-adsorbent pairs



(nitrogen-carbon, nitrogen-silica, etc.).22 The affinity of the materials for water was
evaluated by measurements of water adsorption isotherms and contact angles. Water
adsorption isotherms at 298 K were determined with a volumetric equipment
(Quantachrome-Vstar) after outgassing the samples at the same conditions used when
outgassing for nitrogen adsorption isotherms (Table 6-1). In addition, the specific surface
areas calculated from water (298 K) and from nitrogen (77 K) adsorption isotherms were
compared.

6.2.3 Wettability for water and semi-quantitative evaluation of water
absorption
Wettability of pelletized samples was measured by water contact angle measurements
with a contact angle meter (Drop Master 701/DM 501) applying the half-angle method.
The hygroscopic property was evaluated by measuring the amount and the rate of
absorption of liquid water within dry pelletized samples. In the present study, we focus
on the comparative evaluation of water absorption capacity and rate of nanodiamonds
using the pelletized reference samples having similar density and total pore volume.
Therefore, the range of pellet density of the reference materials was adjusted between 1.0
and 1.3 g cm-3, as the pellet density of nanodiamonds is 1.3 g cm-3. The pelletized samples
were outgassed at 423 K for 3 h in vacuo; only the pelletized ACF-A10 was outgassed at
393 K for 2 h in order to preserve the chemical structure. The pre-evacuation condition
of 393 K for 3 h is sufficient for removing adsorbed water and other gases from
micropores on ACF, avoiding activation of the pore surface by removal of surface
functional groups (O/C < 0.05) on pre-evacuation at a higher temperature.23 After
outgassing, each pellet was placed on a PET grid (mesh size 200 μm) where a water



droplet of 6.5 μL of deionized water (at 7.0 < pH < 7.5) was dropped. The pellet was
weighed after the absorption of the water droplet. The droplets were successively dropped
until the weight stopped increasing, which was considered as the saturation point. All
experiments were carried out at ambient conditions (297 ± 2 K and RH = 27 ± 5%).
Changes in the weight of the pelletized samples and in the size of the water droplets with
time were measured by an electronic balance and by analyzing the droplet images using
the contact angle measuring equipment, respectively. In addition, we measured the pH of
water and contact angle of nanodiamonds over the duration of the given measurement, to
corroborate the effect of the atmospheric conditions.


6.3

Results and discussion

6.3.1 Scanning electron microscopic images of pelletized materials
Figure 6-1 shows the SEM images of pelletized nanodiamonds, Montmorillonite,
mordenite, ZSM-5, MS-5A, and silica gel samples. Nanodiamonds do not give clear
images due to the aggregated structure of nanoparticles of 4 nm (average diameter)
compared with other samples;3 the enlarged image of nanodiamonds in the inset shows
that nanodiamond particles form non-uniform aggregates of 20 nm of size. Other
pelletized materials have randomly oriented structures in the order of 0.1 ~ 1.0 μm,
resulting in voids larger than those in the pelletized nanodiamonds.

6.3.2 Porosity of pelletized porous materials
The preceding studies on nanodiamonds show that wettability and hygroscopic nature
are associated with microporosity and mesoporosity. 3,16,17,19 The effects of pelletizing




nanodiamond powder at different pressures on the porosity were examined using nitrogen
adsorption isotherms, as shown in Figure 6-2 and Table 6-2.



Figure 6-1. SEM images of pelletized (a) nanodiamonds, (b) Montmorillonite (c)
mordenite, (d) ZSM-5, (e) MS-5A and (f) silica gel.



Figure 6-2. (a) Nitrogen adsorption isotherms of nanodiamonds at 77 K and (b) pore size
distributions by QS-DFT model. As-received nanodiamonds (powder aggregates) (●), a
pellet with a density of 1.3 g cm-3 (▲) and 1.6 g cm-3 (■). In (a) close and open symbols
denote adsorption and desorption branches, respectively.


Table 6-2. Pore structure parameters from nitrogen adsorption isotherms (77 K) of
nanodiamonds before and after pelletizing (outgassed at 423 K for 2 h).
Pellet
Material

density

Total pore
volume

SBET

at P/P0 = 0.97

Micropore

Mesopore

Mesopore

volume DFT

volume DFT

volume DFT

(< 2 nm)

(2-6 nm)

(> 6 nm)

g cm-3

cm3 g-1

m2 g-1

cm3 g-1

cm3 g-1

cm3 g-1

-

0.40 ± 0.01

318 ± 7

0.05 ± 0.00

0.35 ± 0.01

0.00 ± 0.00

pellet

1.3

0.38 ± 0.00

280 ± 12

0.05 ± 0.00

0.30 ± 0.02

0.01 ± 0.00

pellet

1.6

0.36 ± 0.00

300 ± 2

0.05 ± 0.01

0.29 ± 0.01

0.00 ± 0.00

powder

Duplicate measurements were performed. SBET areas were calculated considering data fitting following the
Rouquerol rules. Cross-sectional area of nitrogen = 0.162 nm2 (standard value).

The observed nitrogen adsorption isotherms in Figure 6-2 are of IUAPC Type IV
with an adsorption hysteresis from P/P0 = 0.5–0.8; indicative of capillary condensation in
mesopores.24 Surface areas SBET determined by the BET method for nitrogen are 320,



280, and 300 m2 g-1, for the powdered sample, low density pelletized (1.3 g cm-3) and
high-density (1.6 g cm-3) pelletized samples, respectively. A slight decrease in the
adsorption hysteresis of the isotherm after pelletizing is observed, which comes from the
reduction of the mesopore volume. The pore size distribution evaluated by the QS-DFT
method assuming the slit-pore model25,26 shows that pelletizing reduces mesopore volume
and pore size. The pore volume of mesopores (pore width ื 5 nm) decreases by about
10%, while micropores are slightly modified. Thus, pelletizing changes the mesopore and
micropore structures of nanodiamond aggregates. Figure 6-3 shows the nitrogen
adsorption isotherms and pore size distributions of representative pelletized porous
samples for clarity. The rest of the materials are shown in Figure 6-4.


Figure 6-3. Nitrogen adsorption isotherms of representative pelletized porous materials
in (a) linear scale and (b) logarithmic scale of the relative pressure at 77 K; (c) pore size
distributions of nanodiamonds (○), Montmorillonite (ᶭ
ᶭ), MS-5A (տ) and ACF-A10 (ޑ
). In (a) and (b) solid and open symbols denote adsorption and desorption branches,
respectively. The pore size distributions of nanodiamonds, Montmorillonite, and ACFA10 are obtained by the QS-DFT, while the NLDFT method for cylindrical pores was
applied to MS-5A. The inset in (c) shows a closer view of the pore size ≤ 2 nm.



Figure 6-4. Nitrogen adsorption isotherms at 77 K of pelletized porous materials in (a)
linear scale and (b) logarithmic scale of the relative pressure. In (a) and (b) solid and open
symbols denote adsorption and desorption branches, respectively.




Figure 6-4. (Continuation). Nitrogen adsorption isotherms at 77 K of pelletized porous
materials. (c) Pore size distributions of pelletized porous materials. The pore size
distributions of nanodiamonds, Montmorillonite, and ACF-A10 are obtained by the QSDFT, while NLDFT method for cylindrical pores was applied to mordenite, ZSM-5, MS5A and silica gel.


The pore structure parameters and the surface areas of all the materials compared in
this study are shown in Table 6-3 and Table 6-4a, respectively. The total pore volume of
the reference materials distribute from 0.2 to 0.4 cm3 g-1 because the intrinsic porosity
and particle shape of the reference solids are different among each other, and thereby pore
volume cannot be controlled. Nevertheless, the pellet density of the compared materials
is 1.2 ± 0.2 g cm-3, which is similar to the pellet density of nanodiamonds (1.3 g cm-3).
The ACF has the maximum adsorption amount of nitrogen of all samples and
nanodiamonds

exhibit

the

second-largest



adsorption amount.

Nanodiamonds,

Montmorillonite, and silica gel have both micropores and mesopores according to the
isotherm shape and hysteresis. The rest of the materials show IUAPC Type I isotherm,
indicative of microporous materials,24,27 as shown in Figure 6-3 and Figure 6-4.

Table 6-3. Pore structure of pelletized materials by nitrogen adsorption isotherms (77 K).
Total pore
Material

volume(a)
P/P0=0.97

Volume of

Volume of

small

large

mesopores(b)

mesopores (b)

DFT

DFT

(2-5 nm)

(> 5 nm)

Micropore
(b)

volume
DFT

(< 2 nm)

Ratio
Micropore
/small
mesopore

cm3 g-1

cm3 g-1

cm3 g-1

cm3 g-1

Nanodiamonds

0.38 ± 0.00

0.05 ± 0.00

0.30 ± 0.02

0.00 ± 0.00

0.17

Montmorillonite

0.32 ± 0.02

0.04 ± 0.01

0.18 ± 0.01

0.09 ± 0.00

0.22

Mordenite

0.30 ± 0.02

0.15 ± 0.03

0.08 ± 0.04

0.08 ± 0.01

1.88

ZSM-5

0.21 ± 0.03

0.08 ± 0.02

0.10 ± 0.01

0.03 ± 0.01

0.80

MS-5A

0.21 ± 0.03

0.11 ± 0.04

0.11 ± 0.00

0.00 ± 0.00

1.00

silica gel

0.33 ± 0.02

0.01 ± 0.01

0.24 ± 0.05

0.05 ± 0.04

0.04

ACF A10

0.42 ± 0.05

0.30 ± 0.01

0.11 ± 0.08

0.01 ± 0.01

2.73

Duplicate measurements were performed.
(a)

Total pore volume was obtained by the extrapolation of the desorption branch to P/P0 = 0.97.

(b)

Micropore and mesopore volumes were obtained as the area under the pore size distribution curve
by DFT method using the IUPAC classification (micropores: pore width < 2nm, mesopores: 2 nm
< pore width < 50 nm). We divided mesopores into small mesopores (pore width < 5 nm) and
large mesopores (pore width > 5 nm). Here, 5 nm is the maximum limit of the mesopore size
distribution of nanodiamonds.

Table 6-3 shows that the total pellet pore volumes of the three zeolites are smaller
than 0.30 cm3 g-1, with a ratio micropores to small mesopores volume of 0.8 (ZSM-5),
1.0 (MS-5A) and 1.9 (mordenite). On the contrary, larger pore volumes are obtained for
nanodiamonds, Montmorillonite, and silica gel, which have mesopores. The pore volume




ratio (micropores to small mesopores) of these mesoporous materials are at most 0.22 for
Montmorillonite.


Table 6-4a. Surface areas of powdered and pelletized samples from adsorption isotherms
of nitrogen at 77 K and water at 298 K.
SBET(a) (N2)

SBET(a) (N2)

SBET(a) (H2O)

SBET(a) (H2O)

(powder)

(pellet)

(powder)

(pellet)

m2 g-1

m2 g-1

m2 g-1

m2 g-1

Nanodiamond

318 (b)

281 (b)

219 (d)

185 (d)

Montmorillonite
Mordenite

249 (b)
562 (b)

234 (b)
477 (b)

293 (e)
193 (d)

245 (e)
101 (d)

ZSM-5

564 (b)

430 (b)

67 (d)

61 (d)

MS-5A

615 (b)

343 (b)

234 (d)

202 (d)

Silica gel

483 (c)

334 (c)

321 (e)

227 (e)

ACF-A10

1050 (b)

797 (b)

-

-

Material

(a)

SBET calculated considering data fitting following the Rouquerol rules.

(b)

Cross sectional area of nitrogen = 0.162 nm2 (standard value).

(c)

Cross sectional area of nitrogen = 0.135 nm2 for silica and other polar surfaces.

(d)

Cross sectional area of water = 0.108 nm2.

(e)

Cross sectional area of water = 0.148 nm2.

Samples outgassed before adsorption measurements at the conditions specified in Table 6-1 in vacuo at
1 mPa and 0.1 Pa for nitrogen and water, respectively.

The nitrogen adsorption isotherms of all the compared materials before pelletizing are
shown in Figure 6-5. Figure 6-6 shows the comparison of nitrogen adsorption isotherms
(77 K) of the materials in a semi-logarithmic scale before and after pelletizing. According
to the isotherms, pelletizing of powdered samples decreases the total adsorbed amount of
nitrogen due to blocking and/or collapsing pores. The pelletizing reduces the maximum
nitrogen adsorption amounts by 20-30% for MS-5A and ZSM-5, about 15% for silica gel



and less than 10% for ACF, Montmorillonite, mordenite, and nanodiamonds. Such
reduced porosities mainly arise from the decrease of pores of small dimensions in MS5A, ZSM-5, and mordenite, and from both micropores and mesopores for the cases of
nanodiamonds and Montmorillonite.

Table 6-4b. Total pore volumes of powdered and pelletized samples from adsorption
isotherms of nitrogen at 77 K and water at 298 K.
Total pore

Total pore

Total pore

Total pore

volume

volume

volume

volume

at P/P0 = 0.97

at P/P0 = 0.97

at P/P0 = 0.97

at P/P0 = 0.97

(N2)

(N2)

(H2O)

(H2O)

(powder)

(pellet)

(powder)

(pellet)

cm3 g-1

cm3 g-1

cm3 g-1

cm3 g-1

Nanodiamond

0.42

0.38

0.49

0.35

Montmorillonite

0.36

0.34

0.52

0.44

Mordenite

0.29

0.28

0.33

0.15

ZSM-5

0.29

0.22

0.16

0.17

MS-5A

0.26

0.18

0.42

0.27

Silica gel

0.40

0.33

0.40

0.37

ACF-A10

0.53

0.38

0.50

0.37

Material

Total pore volume was obtained by the extrapolation of the desorption branch to P/P0 = 0.97.
Outgassing before adsorption measurements at the conditions specified in Table 6-1 in vacuo at 1 mPa
and 0.1 Pa for nitrogen and water, respectively.









Figure 6-5. Nitrogen adsorption isotherms at 77 K of powdered samples of
nanodiamonds (○), Montmorillonite (ᶭ
ᶭ), mordenite ()ۍ, MS-5A (տ), ZSM-5 (䕠), ACFA10 ( )ޑand silica gel ()ۃ. Solid and open symbols denote adsorption and desorption
branches, respectively.







Figure 6-6. Nitrogen adsorption isotherms at 77 K of powdered (○) and pelletized (ᶭ
ᶭ)
samples in logarithmic scale of the relative pressure. Solid and open symbols denote
adsorption and desorption branches, respectively.

6.3.3 Water absorption ability and wettability for water
Figure 6-7a and Figure 6-7b include only four water adsorption isotherms to show
the representative adsorption isotherms of porous materials at 298 K in a nominal and
normalized scale, respectively. The rest of the adsorption isotherms are shown in Figure
6-8. The descending order of the saturated water adsorption amount is ACF,
Montmorillonite, silica gel, nanodiamonds, mordenite, MS-5A and ZSM-5. The
adsorption isotherms of the samples except for MS-5A exhibit a gradual increase in
adsorption with the P/P0 and adsorption hysteresis, indicating that these solids are not



necessarily hydrophilic in the low P/P0 region. The increase in adsorption on silica gel is
similar to nanodiamonds at P/P0 < 0.05. At P/P0 = 0.2 water adsorption is lower on ZSM5 and similar in mordenite compared to that on nanodiamonds. Only the water adsorption
isotherm of MS-5A is unique, showing Type I shape; water vapor is fully adsorbed in the
micropores of MS-5A even in the low P/P0 region. These three zeolites (ZSM-5,
mordenite and MS-5A) have micropore volumes larger than nanodiamonds (Table 6-3).
Nanodiamonds and Montmorillonite show a similar increase in adsorption with P/P0. The
adsorbed water amount on ACF in the low P/P0 is the lowest of all the samples, even
though ACF has the largest saturated adsorption amount.28 In case of porous carbons, the
water adsorption isotherm of porous carbon of smaller pore width rises from a lower P/P0
region, indicating that the pore size is key to the apparent affinity of carbon porosity to
water.17,29

Figure 6-7. Water adsorption isotherms of representative pelletized porous materials (298
K) in (a) linear scale and (b) normalized scale of nanodiamonds (Ⴜ), Montmorillonite (ᶭ),
MS-5A (տ) and ACF-A10 ()ޑ. Solid and open symbols denote adsorption and desorption
branches, respectively.




Figure 6-8. Water adsorption isotherms (298 K) in (a) linear scale and (b) normalized
scale of nanodiamonds (Ⴜ), Montmorillonite (ᶭ), mordenite ()ۍ, ZSM-5 (※), MS-5A
(տ), silica gel (ᶭ) and ACF-A10 (※). Solid and open symbols denote adsorption and
desorption branches, respectively.




The water adsorption isotherms at 298 K were interpreted to yield a specific surface
area, which was compared to that obtained from the nitrogen adsorption isotherms at 77
K, as shown in Table 6-4a. Those water adsorption isotherms of powdered and pelletized
samples are shown in Figure 6-9. Surface areas from water (BET_H2O) are smaller than
those areas obtained from nitrogen (BET_N2) because the BET_H2O model is sensitive
to the hydrophilic-hydrophobic character of the samples when determining the adsorption
of the first monolayer of water molecules. Instead, the comparison of total pore volumes
by nitrogen and water in Table 6-4b shows that all the materials adsorb higher total
volume of water than nitrogen at P/P0 = 0.97, except ACF-A10 and ZSM-5 indicating
less hydrophilicity.

Figure 6-9. Water adsorption isotherms at 298 K of powdered (○) and pelletized (ᶭ
ᶭ)
samples. Solid and open symbols denote adsorption and desorption branches,
respectively.



According to the literature, water contact angles of hydrophilic porous materials are
unmeasurable with sufficient reliability due to their markedly high absorption rate of
water droplets and we cannot refer to literature values of the contact angle. 13 Therefore,
we measured the water contact angles for the pelletized samples hydrated in advance
under the same conditions, as shown in Figure 6-10. Hence, these water contact angle
values indicate the wettability of the materials saturated with water vapor at ambient
conditions (T = 297 K and RH = 33%). Silica gel gives the smallest contact angle: 25 ±
4°, i.e. the highest wettability, followed by nanodiamonds (28 ± 3°), Montmorillonite (34
± 1°), mordenite (33 ± 1°), ZSM-5 (34 ± 3°), MS-5A (45 ± 3°). ACF and graphite have
large water contact angles of 76 ± 2° and 77 ± 1°, respectively, indicating typical
hydrophobicity. The literature reports water contact angles of about 76 ± 5° and 71 ± 3°
for diamonds and 93 ± 2° for CVD nanodiamonds,30,31 showing rather hydrophobic
nature. Zeolites such as ZSM and mordenite, clays as Montmorillonite and silica gel are
among the three main groups of water sorbents, 16 while ACF is well known to be
hydrophobic.28

Figure 6-10. Water contact angles on graphite, ACF-A10, nanodiamonds, mordenite,
ZSM-5, Montmorillonite, silica gel and MS-5A.




We measured the water contact angle of a bulk-scale diamond crystal by the sessile
drop method, leading to a value of 74.5 ± 3° (Figure 6-11). The experimentally obtained
value (74.5 ± 3°) agrees with the literature value of 76 ± 5° and 71 ± 3° for the 111 and
110 faces of the diamond, respectively, confirming the hydrophobic nature of the single
crystal surface of the diamond.

74.5 s 3°

Figure 6-11. The water contact angle of a bulk diamond.

According to Figure 6-10, the measured water contact angle of nanodiamonds is
about 28 ± 3° (T = 298 K and RH = 28%), indicating rather hydrophilic nature. This is
due to the pre-saturation treatment of the nanodiamonds. Besides, measurement of the
water contact angle of the pelletized samples at different relative humidities during the
contact angle measurement indicates no significant influence of the relative humidity
used in this study on the water contact angle, as shown in Figure 6-12.




Figure 6-12. Water contact angle of pelletized samples of nanodiamonds (●),
Montmorillonite (▲), MS-5A (■), ACF (A10) (ظ
)ظ, mordenite ()ی, ZSM-5 (ٖ), silica
gel (▲) and graphite (-) at 297 K under different relative humidity (RH = 23% and RH =
33%).

We measured the pH of the water and the contact angle of nanodiamonds with the
time of measurement, to corroborate the effect of the atmospheric conditions. The effect
due to CO2 in the volume of water exposed to atmospheric conditions is not evident in
the pH or in the water contact angle, as the pH varies only by 0.4 units of pH and the
water contact angle by 4°, as shown in Figure 6-13.




Figure 6-13. Water contact angle on nanodiamonds (○) and pH of deionized water (●)
versus time under atmospheric conditions (297 K and RH = 33%).

The evaluation of grinding treatment indicates that the more the grinding, the smaller
the particle size of the non-powder samples (MS-5A, silica gel, and ACF-A10); the solid
sample having a smaller size is ground for a longer time. The other sample solids were
compared before grinding and after grinding. The water contact angles of nanodiamonds
slightly increase from 14 ± 1° to 28 ± 3° with grinding; suggesting that the effect of the
grinding depends on the bonding structure of the porous solid. The contact angle of MS5A does not change, as shown in Figure 6-14, because MS-5A is hydrophilic due to the
ionic structure. Small particles of nanodiamonds and silica gels show a slightly larger
contact angle, suggesting that the surface roughness is an important factor.




Figure 6-14. Effect of particle size of ground samples on the water contact angle of
pelletized samples of nanodiamonds (●), Montmorillonite (▲), MS-5A (□), ACF (A10)
(ظ
)ظ, mordenite ()ۍ, ZSM-5 (ٖ) and silica gel (Δ). Here, the average size of the ground
particles was determined using stacked sieves of different sizes from 500 μm to 75 μm;
the longer the grinding time the smaller the particle size.

The preceding study using TEM and EELS methods showed that each nanodiamond
particle is coated with graphene-like carbon films.2 The graphene-wrapped nanodiamond
particles are associated with each other providing micropores and small mesopores
yielding hygroscopic nature. Here, we measured the absorption rate and absorption
amount of water by nanodiamonds in comparison with reference materials. Figure 6-15a
shows the water absorption capacity of the pelletized materials after normalizing with the
apparent pellet density. The highest absorption amount for water is obtained by ACF
followed by mordenite (1.0 and 0.6 mL(liq.) H2O g-1, respectively). The nanodiamond
pellet absorbs water droplets up to a volume of 0.54 mL(liq.) H2O g-1 (filling Ң80% void



space), which is comparable to 0.53 mL(liq.) H2O g-1 for the mesoporous Montmorillonite
(filling Ң37% void space), and at least 15% larger than those of the microporous ZSM-5
and MS-5A. Here, the void space of each pellet is evaluated considering the pellet and
bulk densities of each material and the percentage of filling as the maximum absorbed
water amount expressed as liquid volume of water per the volume of void space.

Figure 6-15. (a) Absorption of water droplets and (b) kinetics of first water droplet
absorption on pelletized porous materials evaluated by water contact angle (WCA);
graphite (-), high-density nanodiamonds (●) and low-density nanodiamonds (○),
Montmorillonite (▲), MS-5A (■), ACF (A10) ()ޑ, mordenite ()ی, ZSM-5 (+), and silica
gel (●). In (a) absorption of water was normalized by pellet densities (refer to Table 6-1
to consult the pellet density values).

The analysis of the water adsorption isotherm of nanodiamonds in Figure 6-8
indicates that water molecules adsorb in ultramicropores up to 0.01 cm3 g-1 (P/P0 < 0.03).
Therefore, subsequent adsorption of water in mesopores up to 0.35 cm3 g-1 occurs. The
reason is that the strongly adsorbed water molecules in ultramicropores distributed on the



mesopore walls can donate hydrophilicity to induce additional filling of mesopores with
liquid-like water up to 0.54 mL (liq.) H2O g-1. Subsequently, the macropores are filled
with water. The density of strongly adsorbed water in the ultramicropores accounts for 1
x 10-5 mL (liq.)-H2O nm-2-ND, considering that the total ultramicropores (ultramicropore
volume = 1 x 10-4 cm3 g-1) are distributed on the mesopore walls. Figure 6-15b shows
the absorption kinetics of water after dropping the first droplet on the pelletized sample.
The absorption rate on nanodiamonds is among the lowest of the compared porous
materials, only higher than those of ACF and graphite, which reflects low hydrophilic
nature.12 The change of WCA of ACF with time was not measured due to serious
deformation of the pellet surface. However, experimental observation showed a longer
time to absorb the water droplet on ACF than on nanodiamonds. Nevertheless, the lowdensity nanodiamond pellet has a relatively high absorption rate, i.e. half of those of
Montmorillonite and MS-5A. This is noteworthy because a lower density nanodiamond
pellet should give an absorption rate higher than those rates of Montmorillonite, MS-5A,
and other hydrophilic materials, although production of the low-density nanodiamond
pellet is quite difficult due to ultrafine nanoscale particles. Consequently, we can say that
the nanodiamonds have a clear hygroscopic nature, competing with representative
hydrophilic porous materials.

Figure 6-16a shows that the time required for the first water droplet to be absorbed
by the pellet after touching its surface involves a dependency on the apparent water
contact angle. Silica gel, mordenite, ZSM-5, and MS-5A show the fastest rate of droplet
absorption, followed by nanodiamonds pellet of low-density. The plot in Figure 6-16b
shows that the maximum water absorption capacity correlates to the ratio of



micropores/mesopores (not larger than 5 nm width).

Figure 6-16. (a) Relationship between the completion time of first water droplet
absorption and apparent water contact angle. (b) Relationship between total absorbed
liquid water and the volume ratio micropore/mesopore (≤ 5 nm) of pelletized samples of
nanodiamonds (NDH and NDL, high and low density, respectively), Montmorillonite
(MT), mordenite (MD), ZSM-5 (ZSM), molecular sieve 5A (MS), silica gel (SG) and
activated carbon fiber A-10 (ACF). In (a) apparent contact angle refers to the contact
angle of the first droplet in contact with the pellet surface at 100 ms. Here, ACF is not
included, because the apparent water contact angle was not measured due to the serious
deformation of the pellet surface.


The adsorption of water on graphitic pore and nanodiamonds is still challenging.
There is a correlation between the maximum amount of water adsorbed and the total pore
volume of micropores and small mesopores (not larger than 5 nm width) for carbon
nanohorns, which are a type of hydrophobic carbons. 19 Carbon nanotubes show a
hydrophobic surface depending on their orientation; higher hydrophobicity when they are



vertically arranged. This surface wettability can be modified by oxidation. In such a case,
water percolates in the nanotube mat depending on the pores resulted from the nanotubes
arrangement.32 Graphitic materials have a hydrophobic surface, not adsorbing water up
to relative humidity above 90%. However, they take up water even at a relative humidity
as low as 50% when they possess micropores and small mesopores as part of their
structure, irrespective of the presence of hydrophilic heteroatoms, explained by
adsorption of water clusters.18,20 In the case of nanodiamonds, the presence of micropores
and small mesopores in the nanodiamond assembly is a key factor that confers special
hygroscopic nature, due to a higher interaction potential from the curvature of such small
cavities, and localized oxygen-containing functionalities on those pores and in the
mesopore walls that attract water molecules to fill these pores.19-21 Here, the pellet
microstructure; that promotes water adsorption; influences the macroscopic absorption
process, showing the importance of adsorbed water molecules on the hydrophilic sites for
further adsorption and total absorption of water. Still, other factors such as the
interconnected structure of pores, the surface roughness of the pellet and inhomogeneity
of packing density need to be considered for sufficient understanding of the waterwettability and hygroscopic nature of porous materials like nanodiamond aggregates.
Nevertheless, we have shown that 5.5% (0.03 cm3 g-1 of 0.54 cm3 g-1) of the water is
adsorbed in micropores, and the mesopores and larger pores are associated to give the
total liquid water absorption capacity, as explained before. As a result, high wettability
explained by a low water contact angle is desirable, but not indispensable, when the
maximum absorption capacity is the most important characteristic to choose a
hygroscopic material. Figure 6-17 depicts the comparison of the maximum liquid water




absorbed by representative materials and their chemical structures: nanodiamonds, clay
(Montmorillonite), zeolites (mordenite and molecular sieve 5A) and silica gel.

Figure 6-17. Maximum liquid water absorbed by representative materials:
nanodiamonds, clay (Montmorillonite), zeolites (mordenite and molecular sieve 5A) and
silica gel.

6.4

Conclusions

Nanodiamonds are hydrophobic porous materials, as revealed by water adsorption
isotherms. Interestingly, nanodiamond pellets exhibit an intensive hygroscopic nature
under ambient conditions in spite of the hydrophobicity at the molecular level. The
measured water contact angle of nanodiamond pellets is in the order of 20-30° under
ambient conditions, indicating hydrophilicity. Water wettability is a key factor in the
hygroscopic nature of hydrophilic materials, such as silica gel, zeolites, and clays, which
exhibit high water uptake. Previous studies discussed the hygroscopic nature of
nanodiamonds only from the water wettability. The present work correlates the
hygroscopic nature of nanodiamonds with their unique porosity and the water molecules
pre-adsorbed in ultramicropores to induce the small contact angle with liquid water.



Furthermore, the hygroscopic nature of nanodiamonds is semi-quantitatively evaluated
by the comparison of total absorption amount and absorption rate of liquid water of wellknown hygroscopic porous materials such as zeolites and Montmorillonite. The total
capacity of absorbed liquid water by nanodiamond pellets is larger than those capacities
of zeolites ZSM-5 and MS-5A and comparable to that of Montmorillonite. On the other
hand, the absorption rate of nanodiamond pellets of low-density (1.3 g cm-3) is half of
those of Montmorillonite and zeolite MS-5A. Thus, we can understand the hygroscopic
nature of nanodiamonds using two comparative parameters; the total absorption amount
of liquid water and the absorption rate for liquid water, which are essentially valuable for
structural designing and unique application of nanodiamonds in future.
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Chapter 7

7. Electrical conductivity changes of water-adsorbed
nanodiamonds with thermal treatment1


Abstract. Detonation nanodiamonds hard-hydrogels are aggregates of polyhedral
particles of sp3-hybridized-carbon coated by atomically thin sp2-hybridized carbon.
Electronic properties of diamond are sensitive to water in the surrounding environment.
The effect of adsorbed water on the electrical conductivity of detonation nanodiamonds
was studied by exposure to humid air after thermal treatment in vacuo. The electrical
conductivity increases with heating and decreases during the isothermal treatment at 393
K due to the release of strongly adsorbed water and gradually increases on exposing to
humid air, indicating adsorption of water molecules on micropores and mesopores in the
nanodiamond aggregates.

Keywords: nanodiamonds, electrical conductivity, outgassing, water, graphene-like
carbon.

1

Adapted from Piña-Salazar, E. Z. et al. (2019). Electrical conductivity changes of water-adsorbed

nanodiamonds with thermal treatment. Chem. Phys. Lett. X, 2, 100018.
Copyright © 2019, with permission from Elsevier.




7.1

Introduction

Detonation nanodiamonds have a relatively high surface area, excellent mechanical
properties and considerably high electrical conductivity being suitable for the
development of supercapacitors and electronic devices.1 Nanodiamonds are polyhedral
particles (3–5 nm in diameter) of sp3-hybridized carbon coated with graphene-like films.
They have aggregate structures of micropores and mesopores where water and other
molecules are adsorbed.2

Non-oxidized carbon surfaces are basically hydrophobic, although nanoporous
carbons can adsorb sufficiently water vapor.3–5 Nanodiamond aggregates are almost
hydrated under exposure to atmospheric air.6–10 The hydrated water can be released by
outgassing. This water consists of strongly and weakly bound water molecules in
micropores and mesopores.2 In particular, water molecules adsorbed in ultramicropores
cannot be easily desorbed under mild evacuation conditions.4,11 Hence, water bound on
the detonation nanodiamond aggregates must be studied with an adsorbed water-sensitive
method. The electrical conductivity of detonation nanodiamonds is in the order of 10 −11
Ohm−1 cm−1,12 depending on the presence of defects, impurities or dopants. Electronic
properties of carbon materials are sensitive to adsorption of water and oxygen from the
surrounding environment.13 Therefore, their sensor applications have been studied.14–16
Changes in the electrical conductivity of nanodiamonds with the presence of water were
reported.17 The present chapter discusses the relationship between the electrical
conductivity change and adsorbed water on different sites of the nanodiamonds.




7.2

Experimental section

7.2.1 Electrical conductivity measurement
The electrical conductivity of nanodiamonds was measured with a two-probe
electrical resistance system for powdered and pelletized samples of nanodiamonds by
using a compressor device coupled to a vacuum chamber to evaluate quantitatively the
electrical conductivity with water adsorption. The ground nanodiamonds (Hard hydrogel;
Nano-Carbon Research Institute, Ltd., Japan) were placed in the chamber in vacuo at 303
K for 30 min. After that, a gradual compression with the pressure from 0.1 to 1.0 MPa
was applied to produce the pelletized nanodiamonds; the electrical resistance was
measured with the compression at intervals of 0.1 MPa up to 1.0 MPa. The sample was
thermally treated as follows: heated up gradually to 393 K, isothermally heated at 393 K
for 4.5 h and then cooled down to 303 K. Two cycles of heating up and cooling down of
the nanodiamond pellets were performed. Afterward, we measured the electrical
conductivity of the nanodiamond pellets on exposure to humid air. The electrical
conductivity of the nanodiamond pellet was determined using the cross-sectional area
(diameter = 0.5 cm) and the thickness of the nanodiamond pellet.

7.2.2 Characterization
The nitrogen adsorption isotherms of nanodiamonds were measured at 77 K with a
volumetric apparatus (Quantachrome-Autosorb IQ2). The adsorption isotherms were
analyzed by the Brunauer–Emmett–Teller (BET) and subtracting pore effect (SPE)
methods to obtain the pore structures. Water adsorption isotherms at 298 K were measured
in a volumetric apparatus VSTAR-Quantachrome. Surface chemistry of nanodiamonds
was studied by X-ray photoelectron spectra (XPS) analysis by using a monochromatized



Al Kહ X-ray 12 kV source with an AXIS-ULTRA, Kratos equipment. The XPS spectra
for as-received nanodiamonds and nanodiamonds treated at 393 K in 10 −1 Pa for 4.5 h
were taken. Calibration of the C1s signal was at 285 ± 0.2 eV corresponding to
nanodiamond carbon. C1s was deconvoluted into four peaks using sp2-hybridized carbon
at 284.1 eV, sp3-hybridized carbon at 285.2 eV, C-H bonds and C-N at 286.3 eV and C-O
bonds at 287.7 eV. Isothermal thermogravimetric analysis of nanodiamonds at 393 K was
conducted under argon (300 mL min−1) with a heating rate of 5.0 K min−1 using a Thermal
Analysis System (STA7200, Hitachi) in order to determine the sample weight loss during
heating. Hall mobility was measured up to 20 h of outgassing at room temperature by
using a DC/AC Hall measurement system 8400 (Lake shore cryotronics).

7.3

Results and discussion

7.3.1 Effect of thermal outgassing on the morphology and surface chemistry
of nanodiamonds
Morphological and chemical structures of the nanodiamonds by use of SEM, TEM,
XRD, and EELS were reported previously.2,11 The effect of thermal outgassing on the
surface chemistry of nanodiamonds is shown in Figure 7-1. As we need to determine the
amount of desorbed water on heating in vacuo, we isothermally heated nanodiamonds at
393 K for 4.5 h (being the same conditions for the electrical resistivity experiment). There
is a slight weight loss after heating 4.5 h at 393 K, as shown in Figure 7-1a. This plot
indicates two-step desorption of weakly adsorbed water and of strongly adsorbed
water.11,18 Figure 7-1b and Table 7-1 show XPS results of nanodiamonds before and
after heating in vacuo at 393 K for 4.5 h; nanodiamonds are mainly composed of sp 3hybridized carbon with the presence of sp2-hybridized carbon, and hydrogen and nitrogen



bonded to carbon. Traces of substitutional nitrogen are incorporated in the nanodiamond
lattices, while oxygen (10 at.%) is bonded to carbon on the surface. There is negligible
surface chemistry change after outgassing at 393 K for 4.5 h. Therefore, the weight loss
after heating corresponds to water desorbed on nanodiamonds, as explained above.



Figure 7-1. (a) Isothermal gravimetric analysis of nanodiamonds heated at 393 K for
4.5 h in argon, and (b) high-resolution C1s XPS spectra of nanodiamonds before and
after heating at 393 K for 4.5 h. Open circles indicate experimental data and straight
lines indicates fitted data on deconvolution.




Table 7-1. Constituents of C1s (at.%) from XPS analysis of nanodiamonds before and
after thermal treatment in vacuo.
C1s components

non-heated ND
Position FWHM
% Area

ND heated at 393 K for 4.5 h
Position
FWHM % Area

C sp

2

284.5

1.45

23.4

284.3

1.45

24.7

C sp

3

285.3

1.65

54.2

285.1

1.65

52.5

286.2

1.40

19.1

286.1

1.40

19.3

287.4
1.70
3.3
287.4
C-O
Fitting accuracy: >95%, G-L (60-40), FWHM 1.55 + 0.15 eV

1.70

3.5

C-H, C-N

7.3.2 Effect of heating and compression on the porosity of nanodiamonds
Effects of heating and compression on the porosity of nanodiamonds were evaluated
by nitrogen adsorption isotherms at 77 K, as shown in Figure 7-2 and Table 7-2.

Figure 7-2.㻌 (a) Nitrogen adsorption isotherms at 77 K and (b) QS-DFT derived-pore
size distribution of nanodiamonds without treatment (◊), heated at 393 K for 4.5 h in
vacuo before grinding (∆), after grinding (○) and as a pellet (□). In (a) solid and open
symbols indicate adsorption and desorption branches, respectively.



The adsorption isotherms in Figure 7-2a are typical IUPAC Type IV having a sharp
uptake due to adsorption in small micropores up to P/P0 = 10−2 and gradual adsorption in
larger micropores and mesopores up to P/P0 = 0.8. The average pore volume and surface
area (SPE/BET) of 0.33 cm3 g−1 and 250/280 m2 g−1, respectively. A noticeable hysteresis
loop is observed in the P/P0 range of 0.5–0.8, stemming from capillary condensation in
mesopores.2,19

Table 7-2. Pore parameters from nitrogen adsorption isotherms at 77 K of nanodiamonds
before and after outgassing.
Total

Micropore

Mesopore

pore
volume

volume
DFT

volume
DFT

P/P0 = 0.97

(< 2 nm)

(2-6 nm)

cm3 g-1

cm3 g-1

cm3 g-1

ND

0.33

0.06

ND-h

0.36

ND-h-gs
ND-h-ps

Sample

Internal

External

surface

surface

area
SPE

area
SPE

m2 g-1

m2 g-1

m2 g-1

0.26

250/280

247

3

0.06

0.27

270/310

265

5

0.40

0.06

0.33

235/320

215

20

0.38

0.05

0.31

175/260

161

14

Surface
area
SPE/BET

ND: nanodiamonds, ND-h: heated ND, ND-h-gs: heated ground nanodiamonds, ND-h-ps: heated
nanodiamond pellet. Heating treatment at 393 K for 4.5 in vacuo.

Figure 7-3 shows the corresponding હs-plots of nanodiamonds used to determine
external and internal surface areas by SPE method, which is effective for pore analysis of
porous carbons without overestimation of the surface area.20,21 The internal surface area
accounts for the pores in the nanodiamond aggregates. This area is predominant over the
external one in all cases. Therefore, the ratio of external to internal surface area is less



than 0.1 indicating that most of the total surface area of nanodiamonds aggregates derives
from the interparticle pores. The average pore width is 4.5 nm, as shown in Figure 7-2b.
Heat-treatment in vacuo and the compression treatment increase slightly mesopore
volume. Thus, the pore structure of nanodiamonds has stability against heat-treatment in
vacuo and compression.

Figure 7-3. હs-plots of nanodiamonds without treatment (◊) and outgassed at 393 K for
4.5 h in vacuo before grinding (∆), after grinding (○) and as a pellet (□).

Figure 7-4a and Figure 7-4b show the nitrogen adsorption isotherms at 77 K expressed
as liquid volume for nanodiamonds before and after heating at 393 K for 4.5 h in vacuo.
Water adsorption isotherms at 298 K in Figure 7-4c show that the outgassed
nanodiamonds give a larger adsorption amount in the low relative pressure.



Figure 7-4. Nitrogen adsorption isotherms at 77 K in (a) lineal scale and (b) logarithmic
scale. (c) Water adsorption isotherms at 298 K and a closer look at P/P0 < 0.3, of
nanodiamonds before treatment ( )ېand after outgassing at 393 K for 4.5 h (○). Solid and
open symbols indicate adsorption and desorption branches, respectively.

7.3.3 Effect of compression on the electrical conductivity on nanodiamonds
Effect of compression on the electrical conductivity of nanodiamonds was measured
at 303 K under atmospheric conditions and in vacuo. The initial electrical conductivities
were 2.5×10−5 and 2.5×10−7 Ohm−1 cm−1 under atmospheric conditions and in vacuo,
respectively, as shown in Figure 7-5. The stepwise compression from atmospheric
pressure to 1.0 MPa was applied to nanodiamond powder in vacuo. The compression
increased the electrical conductivities up to 4.0×10−2 and 4.0×10−7 Ohm−1 cm−1 in
atmospheric conditions and in vacuo, respectively. Similarly, the compression increased
the sample density by 20% (from 1.05 g-ND cm−3 to 1.3 g-ND cm−3). The compression
effect on electrical conductivity is more evident under atmospheric conditions due to
more water adsorbed than in vacuo.




Figure 7-5. Effect of compressing pressure on the electrical conductivity of
nanodiamonds under atmospheric conditions (●) and in vacuo (○).

7.3.4 Effect

of water adsorption

on the electrical conductivity of

nanodiamonds
Effect of water adsorption on the electrical conductivity of nanodiamonds is shown
in Figure 7-6. The electrical conductivity of nanodiamonds depends on the temperature
and exposure to humid air. First, the electrical conductivity of the nanodiamond pellet
(3.4×10−7 Ohm−1 cm−1) increases by 17% (2.0×10−6 Ohm−1 cm−1) on heating from 303 K
to 393 K. This value decreases by 35 times (2.0×10−6 Ohm−1 cm−1 to 5.6×10−8 Ohm−1
cm−1) after heating at 393 K for 4.5 h and finally reaches 4.0×10−9 Ohm−1 cm−1 on cooling
down to 303 K. A second heating cycle slightly increases electrical conductivity by 15%.
The final electrical conductivity of nanodiamonds at 303 K is 4.0×10−9 Ohm−1 cm−1.
There is a clear hysteresis in the first cycle of electrical conductivity through the thermal
treatment but not in the second one. The higher electrical conductivity observed during
the first cycle indicates that water adsorbed on the nanodiamond aggregates enhances
electrical conductivity, while the dry nanodiamonds in the second cycle have a lower
electrical conductivity. Further cooling or heating of the outgassed sample exhibits no
significant change. The temperature dependence of the electrical conductivity over the



range of 303 to 393 K gives the activation energy for conduction of 0.3 eV. The activation
energy (Ea = 0.2 eV) does not significantly change on heating at 393 K for 4.5 h in vacuo
in the successive cycle. Effect of exposure to humid air on the electrical conductivity of
outgassed nanodiamonds provides important information on the influence of adsorbed
water. The blue line in Figure 7-6a shows the enhancement of the electrical conductivity
on exposing to humid air. The time changes in electrical conductivity are shown in Figure
7-6b.

Figure 7-6. (a) Electrical conductivity ( Ȫ ) change of nanodiamonds with heating
treatment in vacuo and upon exposure to humid air, and (b) change of electrical
conductivity of nanodiamonds with the time after the exposure to humid air.

Figure 7-7 shows that electrical conductivity of nanodiamonds is not significantly
enhanced during the first 15 min after exposure to humid air. The considerable increment
of electrical conductivity is observed after several hours, reaching a plateau. The higher
electrical conductivity is obtained on exposure to 75% RH for 10–14 h, giving 1.0×10−7
Ohm−1 cm−1 (nearly 30 times higher than in the dry state). There is no agreement between



the electrical conductivities of the nanodiamonds pellet before outgassing and after the
exposure to humid air. This phenomenon should be associated with the packing structure
difference between water-adsorbed and dry nanodiamonds. The drier nanodiamond pellet
shows lower porosity, as seen in Figure 7-2b.

Figure 7-7. Time course of electrical conductivity (σ) of nanodiamonds on the exposure
to humid air during the first hours.

The outgassing time dependence of electrical conductivity, Hall mobility, and carrier
concentration are shown in Figure 7-8. The longer the outgassing time, the slightly the
lower the concentration of carriers. Carrier mobility refers in general to both electron and
hole mobility. Therefore, the total carrier concentration refers to the sum of electrons (ptype) and holes (n-type) carrier in the system. The measured carrier mobility is expressed
as "Hall mobility" since it was measured using the Hall effect. Hall effect; discovered by
Edwin Hall in 1879; refers to the production of a difference of voltage (Hall voltage)
across an electrical conductor, transverse to an electric current in the conductor and to an
applied magnetic field perpendicular to the current. Our results suggest that the longer the



outgassing time, the slightly the lower the concentration of carriers, due to the loss of
hydronium ions (H3O+) that act as n-type charge carriers.

Figure 7-8. (a) Electrical conductivity “σ”, Hall mobility and (b) carrier concentration
dependence of outgassing time.

The previous studies on the electrical conductivity of nanodiamond powders and
carbon nanotube mats show the increase of the electrical conductivity in the presence of
water vapor.17,22 In this study, we attempt to clarify the electrical conductivity changes
from adsorption of water vapor in the micropores and mesopores of the nanodiamond
aggregates.

The electrical conductivity changes with the treatments using an adsorption model of
water molecules in pores of the nanodiamonds are depicted in Figure 7-9. Compressing
nanodiamonds slightly reduces pores in the nanodiamond aggregates, yielding a slight
increase in electrical conductivity. The heat treatment in vacuo removes adsorbed water
molecules from the nanodiamond aggregates, dropping the electrical conductivity in two
orders of magnitude. Exposure of nanodiamonds to the humid air recovers gradually the



electrical conductivity. The mechanism of the electrical conductivity changes of
nanodiamond aggregates under humid air is as follows: initially, water molecules adsorb
as a monolayer on the micropores of the nanodiamond aggregates; which act as selective
sites for adsorption of water molecules. Multilayer physical adsorption of water
molecules and additional pore filling occur with the increase of the humidity. Adsorbed
water molecules are ionized producing hydronium ions (H3O+) as charge carriers in a
similar way to bulk liquid water.23 Multilayer adsorbed water induces proton hopping
conduction between adjacent water molecules with charge transport taking place via the
conductivity generated by the Grotthuss chain reaction H2O + H3O+ 䊻 H3O+ + H2O.24
Additionally, we propose a scheme of the changes of the electrical conductivity of
nanodiamonds as an electric circuit indicating that conductance is a function of water
molecules adsorbed in micropores and mesopores, as shown in Figure 7-10.

Figure 7-9. Mechanism of changes in the electrical conductivity of nanodiamonds pellet
upon evacuation (393 K for 4.5 h in vacuo) and exposure to humid air.
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where
 ൌ conductance
 ୈ ൌ nanodiamond resistance
 ୵ ൌ water resistance

Here G is a function of water molecules adsorbed in micropores and mesopores.

Figure 7-10. Dependence of electrical conductivity of nanodiamonds as a function of
adsorbed water, schematized by a parallel electrical equivalent circuit model of water
adsorbed on the nanodiamond pellet.

7.4

Conclusions

We elucidated the presence of weakly and strongly adsorbed water on nanodiamond
aggregates with the electrical conductivity measurement by changing of heat-treatment
and evacuation conditions. Water molecules adsorbed in mesopores of nanodiamond
aggregates are easily desorbed by heating in vacuo at 393 K. Desorption of loosely
adsorbed water in mesopores induces the decrease of electrical conductivity, whereas the
exposure to humid air causes adsorption in mesopores, causing the rapid increase of
electrical conductivity. On the other hand, it takes a long time for water molecules to be



adsorbed strongly in the interstitial ultramicropores of nanodiamond aggregates, leading
to the observed delayed increase of the electrical conductivity on exposure to humidity.
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Chapter 8

8. Adsorption of water vapor on mesoporositycontrolled single-wall carbon nanohorn1

Abstract. The adsorption mechanism of water vapor in hydrophobic carbon
mesopores is not clearly understood. Single-wall carbon nanohorns (SWCNH) having
different tube diameters in the range of 2 to 6 nm were oxidized at a lower temperature
than the widely used temperature of 823 K. Oxidation at 633 K can selectively open
thinner tubes of SWCNH and then the oxidation at different times can control the
mesoporosity. The porosity of the oxidized SWCNH was evaluated from the nitrogen
adsorption isotherms at 77 K. The pore volume ratio of micropores to mesopores was in
the range of 0.50 to 0.90. The linear relationship between water adsorption amount and
the pore volume of micropores and small mesopores (< 5 nm) was observed, showing that
water molecules are adsorbed even in small mesopores by the cluster-mediated filling
mechanism as well as in micropores.

1

Adapted from Pina-Salazar, E. Z. et al. (2015). Adsorption of water vapor on mesoporosity-controlled

single wall carbon nanohorn. Colloids Interface Sci. Commun., 5, 8-11.
Copyright © 2015, with permission from Elsevier.




8.1

Introduction

Carbon surfaces are basically hydrophobic, although the contact angle of graphite
surfaces for liquid water is still controversial.1,2 Water vapor is not adsorbed on crystalline
carbon blacks below P/P0 = 0.9.3 On the other hand, water molecules are adsorbed on
activated carbon without oxidation treatment even below P/P 0 = 0.9.4,5 For example, the
adsorption isotherm of pitch-based activated carbon fibers (ACFs) on which surface
functional groups are the least of various ACFs rises steeply above P/P0 = 0.5, depending
on the pore width; the larger the pore width, the larger the rising P/P 0.6 Furthermore, the
adsorption amount is often larger than 1 g-water per g-carbon. This rising pressure is not
described by the Kelvin equation and therefore the adsorption of water vapor on activated
carbons is not described by the conventional capillary condensation mechanism. 7 Ohba et
al. (2004) have shown that cluster formation of water molecules is indispensable to induce
the predominant water adsorption on activated carbon above P/P0 = 0.5; they indicated
that the size of the water clusters should match with pore width. 8 Hanzawa and Kaneko
(1997) explicitly showed that water molecules were not adsorbed in mesopores of 28 nm
in width, but in micropores of 0.7 nm in width in case of activated carbon aerogel.7
However, still we do not understand adsorption of water in small carbon mesopores
whose width is less than 10 nm, although Thommes et al. (2013) started to study water
vapor adsorption on ordered mesoporous carbon. 9 Single-wall carbon nanohorn
(SWCNH) are one of the single-wall carbon nanotubulites, being better characterized
porous carbons than activated carbon.10 Transmission electron microscopic (TEM)
observations showed that a SWCNH particle had a tube and a tip structure, where the tube
diameter was in the range of 2 to 6 nm.10 Raman spectroscopy and electrical conductivity
studies elucidated that the single carbon wall of SWCNH was less-crystalline, being



different from that of single-wall carbon nanotubes. Utsumi et al. (2005) reported that
simple oxidation using oxygen gives nanoscale windows on the single graphene wall; the
oxidation at 823 K provides the high surface area of 1420 m2 g−1 due to the formation of
nanoscale windows (nanowindows) on the graphene wall.10 Consequently, SWCNH
having nanowindows, are an optimum model of porous carbons for the study on the
relationship between water adsorption and small mesoporosity, whose width is less than
6 nm. This article reports water vapor adsorption isotherms of SWCNH of different
mesoporosity obtained by oxidation at temperatures lower than 823 K.

8.2

Experimental section

8.2.1 Opening of SWCNH
SWCNH was purchased from NEC (purity > 85%), and it was used without further
purification. The main impurity is graphite. Thermal gravimetric (TG) analysis of
SWCNH was carried out under flow of a He (80%)-O2 (20%) mixed gas with a flow rate
of 10 K min−1. Evolved gases during the TG measurement were analyzed by mass
spectrometry (TG-DTA-PIMS, Rigaku Co.). We oxidized SWCNHs at temperatures
lower than 823 K which gave the highest porosity in the preceding study. SWCNHs were
oxidized in the temperature range of 573 to 633 K under the He-O2 mixed gas (100 mL
min−1) for different periods of “zero” to 12 h. Here “zero” means that oxidation stopped
just after reaching the target temperature. Since oxidation at 823 K should produce
nanoscale windows whose size is widely distributed, oxidation temperatures as low as
633 K in reference to TG results were used (Figure 8-1).




Figure 8-1. (a) TG analysis of SWCNH under He-O2 (80/20%); weight loss (―) and
derivative of TG curve (…), (b) Evolved gases on the course of TG measurement of
SWCNH; CO (m/z = 28) and CO2 (m/z = 44).

8.2.2 Characterization of SWCNH samples and water adsorption
The nanoporosity of SWCNH samples oxidized at different conditions was
determined by nitrogen adsorption at 77 K using a volumetric apparatus (QuantachromeAutosorb IQ2). The nitrogen adsorption isotherms were analyzed by the Subtracting Pore
Effect (SPE) method using the હs-plot11 and the Quenched Solid Density Functional
Theory (QS-DFT)12 to provide the pore structure parameters and pore size distributions.
Infrared spectra of the SWCNH before and after oxidation treatment in the range of 1000
to 4000 cm−1 were obtained with the KBr method on an FT-IR spectrometer (Nicole 6700
FT-IR). Temperature-programmed desorption (TPD) profiles of the SWCNH before and
after the oxidation treatment were measured in the temperature range of 373 to 1273 K
under He flow of 300 mL min−1 at a heating rate of 10 K min−1 using the apparatus TGDTA-PIMS (Rigaku Co.). Prior to this measurement, samples were degassed for 2 h in
vacuo at 393 K. The water vapor adsorption isotherms of SWCNH were measured at 298




K with a volumetric equipment using Quantachrome-Hydrosorb after pretreating at 423
K and 2 mPa for 2 h.

8.3

Results and discussion

8.3.1 Nanoporosity and surface chemistry
Figure 8-2a shows the nitrogen adsorption isotherms of SWCNH oxidized at
different conditions. The nitrogen adsorption isotherm of closed SWCNH (before
oxidation) is of typical IUPAC Type II, indicating a minor contribution of micropores
and mesopores. Oxidation of SWCNH at 633 K varies the shape of the adsorption
isotherm and increases remarkably the adsorption amount. These adsorption isotherms
have the nature of Type I and Type II, indicating the marked increase of microporosity
and mesoporosity coming from small mesopores. Consequently, nanowindows are
produced in the graphene walls of SWCNH by the oxidation treatments. 13 Also, a slight
low-pressure adsorption hysteresis is observed; the narrow hysteresis loop does not close
up to the vertical axis, in particular, for oxidized SWCNH samples except for SWCNH
oxidized at 633 K for 12 h.

This hysteresis should come from the restricted diffusion of the nitrogen molecules at
the nanowindows, suggesting that the size of the nanowindows is smaller than the bimolecular size of the nitrogen molecule (0.7 nm).14 The oxidation at 633 K for 12 h,
increases the nanowindows size. The adsorption behavior in the P/P0 range of 10−6 to 10−3
(Figure 8-2b) suggests an intensive growth of micropores by the oxidation for a longer
time.




Figure 8-2. Nitrogen adsorption isotherms of SWCNH samples at 77 K. Pristine SWCNH
(●) SWCNH oxidized at 573 K for 2 h (▼), 633 K for 0 h (♦); for 4 h (▲) and for 12h
(■). P/P0 is expressed in (a) the linear scale and (b) logarithmic scale. Closed and opened
symbols indicate adsorption and desorption branches, respectively.

Figure 8-3a shows the high-resolution હs-plots of the nitrogen adsorption isotherms.
The high-resolution હs-plots have an upward deviation of filling swing below હs = 0.5.
The filling swing, as well as the condensation swing (હ s > 0.5) of SWCNH oxidized at
633 K for 12 h, is the most predominant. Analyzing these હs-plots provides the average
pore parameters of SWCNH samples, as shown in Table 8-1.




Figure 8-3. (a) હs-plots of the nitrogen adsorption isotherms at 77 K and (b) pore size
distributions of SWCNH samples by QS-DFT for cylindrical pores. Pristine SWCNH (●)
and SWCNH oxidized at 573 K for 2 h ()ۃ, 633 K for 0 h ()ۍ, 4 h (ᶭ) and 12 h (տ).

Table 8-1. Pore parameters of pristine SWCNH and SWCNH oxidized at different
conditions from nitrogen adsorption isotherms.
Surface
areaa

Micropore
volume
(QS-DFT)

Micropore
volume
(DR)b

Total pore
volume
P/P0 =1

m2 g-1

cm3 g-1

cm3 g-1

cm3 g-1

pristine

445

0.065

0.170

0.940

0.90

573 K for 2 h

490

0.092

0.200

1.170

0.90

633 K for 0 h

600

0.120

0.240

1.160

0.60

633 K for 4 h

870

0.190

0.330

1.200

0.60

633 K for 12 h

1380

0.240

0.480

1.520

0.50

Oxidation
conditions

Microp./mesop.
volume ratioc

a

The surface area is determined by the subtracting pore effect (SPE) method.

b

This value is determined from the Dubinin̽Radushkevich (DR) plot for the P/P0 range of 10−4 to 10−2.

c

The ratio of micropore volume against mesopore volume of mesopores smaller than 5 nm, which is

determined from the pore size distribution with QS-DFT method.




Almost all oxidations other than oxidation at 573 K for 2 h increase significantly the
surface area and the micropore volume. In particular, oxidation at 633 K for 12 h gives
the largest surface area and pore volume, being close to the published results (1420 m2
g−1) of SWCNH oxidized at 823 K. The nitrogen adsorption isotherms were analyzed by
the QS-DFT method using the cylindrical pore model to obtain the pore size distributions,
as shown in Figure 8-3b. Non-oxidized SWCNH has micropores with slight mesopores
whose width is smaller than 5 nm. The pore volume ratio of micropores to mesopores was
determined from the pore size distribution, as listed in Table 8-1. The open SWCNH
obtained by milder oxidation has a larger pore volume of micropores to mesopores,
indicating that the milder oxidation produces nanowindows in SWCNHs of smaller
diameter. It is well known that oxidation begins at the pentagons in the cap of carbon
nanotube families.15,16 Hence, oxidation starts at the pentagons in the tip of SWCNH
whose tube diameter is smaller. The microporosity/mesoporosity ratio is in the range of
0.50 to 0.90. These SWCNH samples are appropriate for the study on the effect of small
mesopores on observable water adsorption.

As water adsorption is sensitively affected by surface functional groups due to its
ability to form hydrogen bonds,5 the surface functional groups were determined by FTIR spectroscopy, as shown in Figure 8-4. Characteristic vibration modes at 1100, 1380,
1600, 2920 and 3400 cm−1, were assigned to the stretching vibration modes of C̽O
groups, C̽OH groups, C=C of the benzene ring, C-H of methylene group and O̽H group,
respectively.17,18 The oxidation of SWCNH at 633 K for 12 h increases the peak intensities
of the C̽OH and the C̽O. On the contrary, the peak intensity of the C=C mode does not
change significantly.



Figure 8-4. FT-IR spectra of (a) pristine SWCNH, (b) SWCNH oxidized at 573 K for 2
h, and (c) at 633 K for 12 h.

We can refer to the established assignment of the evolved CO and CO2 to different
kinds of surface functional groups.19-21 The observed TPD profile of SWCNH oxidized
at 633 K for 12 h shows two stronger evolution peaks of CO2 centered at 649 K and 760
K than the non-oxidized SWCNH, as shown in Figure 8-5. Specifically, the areas under
the curve of the evolution of CO2 from 573 to 698 K (highest signal at 649 K), and from
698 to 823 K (highest signal at 760 K) are larger by about 2 times for the oxidized
SWCNH than the non-oxidized SWCNH (Figure 8-5). Evolution of CO2 from the
samples must indicate the presence of carboxyl, carboxyl anhydrous and lactone groups
on the SWCNH structure, which decompose as CO2.21 It is worth pointing out that the
density of surface functional groups of the oxidized SWCNH is nearly half of that of the
pristine SWCNH, as it will be explained later. Therefore, these functionalities should be




located mainly as active sites on the edges of the nanowindows created by the oxidation,
as Bekyarova et al. suggested.20

Figure 8-5. TG analysis of (a) SWCNH and (b) SWCNH oxidized at 633 K for 12 h
under He (300 mL min-1); weight loss (―) and derivative of TG curve (…). (c) CO (m/z
= 28) profiles and (d) CO2 (m/z = 44) profiles of evolved gases in the course of TG
measurement of SWCNH and SWCNH oxidized at 633 K for 12 h measured by TPD.

8.3.2 Water adsorption
Figure 8-6a shows water adsorption isotherms of SWCNH samples at 298 K.
Adsorption below P/P0 = 0.3 for all SWCNH samples is negligibly small, indicating that
these samples are hydrophobic, even though the surface functional groups, are detected
by the FT-IR and TPD examinations (Figure 8-4 and Figure 8-5, respectively).




Figure 8-6. Water adsorption isotherms of SWCNH samples at 298 K; pristine (●) and
oxidized at 573 K for 2 h (▼), 633 K for 0 h (♦); 4 h (▲) and 12 h (■). Here, the water
adsorption amount of Figure 8-6b is normalized using the saturated adsorption amount.
Closed and opened symbols indicate adsorption and desorption branches, respectively.

The predominant water adsorption starts above P/P 0 = 0.6 for all samples,
accompanying with an explicit adsorption hysteresis. The water adsorption isotherms are
similar to those of hydrophobic ACFs, which have only micropores whose width is
smaller than 1.5 nm. The rising P/P0 of the adsorption branch of the adsorption isotherm
of ACFs depends on the pore width; the larger the pore width, the larger the rising P/P0.6
The hysteresis loop of water adsorption isotherms of ACFs also depends on the pore
width.22 On the other hand, the basic frame of the adsorption hysteresis loop of the
SWCNH samples is almost similar to each other, as shown in Figure 8-6b, suggesting
that water molecules are adsorbed with a similar mechanism. However, the rising P/P 0
value of SWCNH oxidized is slightly larger than that of the pristine SWCNH. In
particular, the rising P/P0 of the SWCNH oxidized at 633 K for 12 h is the smallest among
the samples regardless of only a small difference. This should be associated with slight



adsorption below P/P0 = 0.4. The inset in Figure 8-6b shows the adsorption branches of
the normalized water adsorption isotherms below P/P0 = 0.3. The larger slope of the
adsorption isotherm in this range indicates the presence of more surface functional
groups,4 as seen in Figure 8-7a.

Figure 8-7. (a) Evolved gases CO (m/z =28) and CO2 (m/z = 44) and (b) density of CO
and CO2 in the course of TG measurement of SWCNH before and after oxidation in
relation to the slope of the normalized water adsorption isotherm in low relative pressure
range (P/P0 < 0.3). The sum of CO and CO2 evolved at 573-698 K (○) and 698-823 K (●)
is obtained as the sum of area under the curve (AUC) of each evolved gas in the desired
range of temperature. AUC = (Temperature 2 – Temperature 1) * intensity of evolved gas
in a.u.g-1. The density of CO and CO2 = AUC in a.u.g-1 / surface area in m2 g-1.

Figure 8-7a shows the evolved gases CO (m/z =28) and CO2 (m/z = 44) and Figure
8-7b shows the density of CO and CO2 in the course of TG measurement of SWCNH
before and after oxidation in relation to the slope of the normalized water adsorption
isotherm in low relative pressure range (P/P0 < 0.3). Correspondingly, the SWCNH
sample oxidized at 633 K for a longer period has the largest slope. Hence, the presence
of more surface functional groups promotes the cluster filling of water molecules at a



smaller rising P/P0. Nevertheless, this promotion of the cluster filling by the surface
functional groups is too limited to influence the adsorption mechanism.

Pristine SWCNH contains amorphous carbon product of laser abrasion process,
defective carbon (5 or 7 membered rings) situated in the cone caps and bending sites,
tubular graphene carbon, and thin graphitic carbon composed by small graphene sheets. 10
Evolution of CO and CO2 under inert atmosphere from pristine SWCNH derives from the
removal of amorphous carbon. Nanowindows are not donated at very mild oxidation (573
K). However, interstitial pores are unblocked by the removal of part of amorphous carbon.
The slight unblocking of interstitial pores explains the higher slope of water adsorption;
water is adsorbed in those interstitial pores. There is not noticeable oxygen donation,
which is confirmed by the FTIR analysis. Therefore, the amount of CO and CO 2 evolved
during the TPD analysis remains practically similar to that of pristine SWCNH. At
oxidation at 633 K, besides the removal of more amorphous carbon, there is nanowindows
generation at the reactive defective sites (mainly 5 membered rings and neighboring
carbons). The longer the oxidation time, the more nanowindows donation, deriving in the
higher rising of water adsorption (indicated by the higher slope of water adsorption).
Nanowindows donation requires the removal of defective carbon or combustion of
tubular graphene by oxidation and the passivation with H or O atoms of the carbon bonds
at the edges. The oxygen content increases with oxidation. However, there is only scarce
donation of oxygen-containing functionalities to oxidized SWCNH since the oxidation
temperature is low, confirmed by the FTIR analysis of SWCNH oxidized at 633 K for 12
h. The removal of amorphous carbon and defective carbon, besides the low content of




oxygen functionalities after the oxidation explains the low evolution of CO and CO2
during the TPD analysis.

FTIR spectrum (Figure 8-4) shows that the presence of oxygen-containing
functional groups in oxidized SWCNH for a longer time is higher than that of the pristine
SWCNH. The amount of CO + CO2 released from the oxidized SWCNH for longer time
(633 K for 12 h) seems to be similar to that of the pristine one. However, the density of
functional groups on the sample is nearly half of that of the pristine SWCNH, as the
surface area of the sample was increased by the oxidation, as shown in Figure 8-7b. The
density of functional groups on the sample is obtained by dividing the absolute amount
of evolved CO and CO2 in a.u. g-1 (TPD in Figure 8-5) by the decomposition of the
surface functional groups by the sample surface area in m2 g-1 (Table 8-1). Therefore, we
concluded that the functional groups should be located on the edges of the nanowindows
donated by oxidation.

The cluster-mediated filling mechanism is applied to water adsorption on typical
microporous carbons. We need to examine the applicability of cluster-mediated filling
mechanism to adsorption of water on carbon mesopores using SWCNH samples having
different mesoporosity. We find a linear correlation between the maximum amount of
water adsorbed and the total pore volume of micropores and mesopores not larger than 5
nm, as shown in Figure 8-8. The linear relation supports that water adsorption even in
small mesopores occurs in the same way as in micropores. Water molecules are not
adsorbed in micropores by capillary condensation,7 but by the cluster-mediated filling
mechanism. We must study the adsorption process using small-angle X-ray scattering in



order to obtain the information on the structure change of adsorbed water in small carbon
mesopores with P/P0 in the future.

Figure 8-8. Relation between water adsorbed and pore volume of the SWCNH samples.

Figure 8-9 shows the different sites for water adsorption on SWCNH prior to and
after oxidation under mild and severe conditions. Pristine SWCNH’s do not possess
abundant sites for adsorption of water molecules. Thinner SWCNH are more prone to be
oxidized than wider ones, when a mild oxidation treatment for a short time is applied,
creating controlled nanowindows in the SWCNH tips. Those sites are more selective for
the adsorption of water. On the contrary, severe oxidation targets all the SWCNH creating
larger nanowindows that work as water-adsorption selective sites.




Figure 8-9. Diagram of water adsorption on pristine SWCNH and oxidized SWCNH
under mild and severe conditions.

8.4

Conclusions

Mild oxidation for a shorter time opens only the thinner tubes. The mild oxidation at
different time controls the mesoporosity. SWCNH that posse mesoporosity present a
water adsorption isotherm close to that of microporous carbon. The amount of water
adsorbed has a linear relation with the mesopore volume. Water molecules are adsorbed
in carbon mesopores (< 5 nm) by cluster mechanism. The present contribution to water
adsorption on SWCNH gives key information to understand the hygroscopic nature of
nanodiamonds.
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Chapter 9

9. Atomistic

model-aided

Small

Angle

X-ray

Scattering method for evaluation of the individual
particle size of aggregated detonation nanodiamonds1

Abstract. The detonation nanodiamonds form colloidal aggregates with polydisperse
core-shell nanodiamond crystallites. The knowledge of the size distribution of detonation
nanodiamonds is crucial for various applications of these carbon gems. We present a simple
polydisperse model for the evaluation of the size distribution of detonation nanodiamond
crystallites from small-angle X-ray scattering. Detonation nanodiamonds are modeled as a
collection of spherical diamond-like particles, where all correlations are included through the
structure factor of hard-spheres with an optimized volume fraction of 0.13. Atomistic
modeling of ~5 nm nanodiamonds, high-resolution transmission microscopy observations,
and wide-angle X-ray scattering experiment support a simplified treatment of core-shell
detonation nanodiamonds by spherical diamond-like particles. Reconstruction of the size
distribution function from the atomistic model-aided small-angle X-ray scattering shows that
detonation nanodiamonds are a polydisperse colloidal system with a lognormal size
distribution, an average radius of 1.88 nm, and standard deviation of ± 0.87 nm, being smaller
than the average from high-resolution transmission electron microscopy.




9.1

Introduction

Since the discovery of nanodiamond particles in detonation soot (DNs),1-3 a wide
range of potential applications of DNs in drug delivery, gene therapy, bio-imaging, tissue
engineering, photonic, spintronic and nanocomposites have been proposed. 4-6 A major
weakness of the currently produced DNs is their size distribution (typical sizes between
4 and 8 nm) and complex structure of a tightly bound irregular aggregate.7-9 The control
of the purity, surface chemistry, and polydispersity of DNs is crucial for the realization
of their potential applications. Therefore, we must develop reliable methods for the
characterization of DNs polydispersity over the volume of the sample, which is not
directly measurable in an experiment.

High-resolution transition microscopy (HR-TEM),10 dynamic light scattering
(DLS),11 atomic force microscopy (AFM) and the wide-angle X-ray scattering (WAXS)12
has been routinely used for determination of the size distribution of DNs crystallites. HRTEM technique provides direct images of nanometer-size DNs, which allowed
determination of particle size distribution. 10 The disadvantage of HR-TEM analysis is an
estimation of DNs size from 2D images, elaborate sample preparation procedure, and
poor statistics due to averaging over a finite number of images. In particular, it is quite
difficult to evaluate precisely the individual particle size of the mutually aggregated DNs
without overestimation. The hydrodynamic radius of DNs dispersed in water solutions
can be extracted from DLS data using the Stokes-Einstein (SE) equation.13 However, we
must point out that the SE hydrodynamic radius of DNs aggregates diffusing in water
solutions corresponds to the effective size of spherical-like aggregates not to individual
nanodiamond.13 In addition, the size of DNs can be influenced by the water solvation



shell bonded to the nanodiamond surface due to slower diffusion of nanodiamonds with
adsorbed water molecules.14 The mean size of nanodiamond crystallites can be estimated
from [111] and [220] diamond-type reflections measured from WAXS after the
instrumental broadening correction.10 While the X-ray scattering pattern determined on
the wide-angle (i.e. high-Q) region is very useful method for the study of DNs at the
atomistic scale, it does not contain information about the polydispersity of DNs on the
mesoscopic scale. Recently, Stehlik et al.11 have pointed out that AFM measurements
provide a more accurate estimate of DNs size distribution compared to DLS and WAXS.
In AFM, the sizes of DNs are determined from a maximum height of a particle. Because
the AFM cannot distinguish between a single particle and cluster/agglomerate of
particles,15 the application of this method is limited to DNs samples with a large fraction
of a single crystallite. Unfortunately, as pointed out by Krüger et al.9 de-aggregation of
DNs is a very challenging task due to strong bonding between individual nanodiamonds
and their fast aggregations.

Small-angle X-ray scattering (SAXS) is a powerful method for the structural
characterization of polydisperse disordered colloidal systems (e.g. nanoparticles, mixed
alloys, colloids, and others).16,17 Compared to other methods, SAXS provides more
statistically reliable estimates of particle size distributions because the scattering intensity
is averaged over the irradiated sample volume. However, we must underline that the
polydispersity and aggregation of individual nanodiamond crystallites cause difficulty in
the analysis of the particle distribution by SAXS, because, contrary to monodisperse NDs,
the measured intensity is no longer related to the scattering from a single nanodiamond
crystallite. Instead, each individual nanodiamond crystalline present in the investigated



sample adds to the scattering pattern, resulting in an averaged intensity. Furthermore, the
short-range correlations between individual nanodiamonds tightly packed in irregular
aggregates will contribute to the measured scattering intensity.16

In this study, we present the polydisperse model for determination of the size
distribution function of DNs from a single SAXS experiment. First, we generated a
spectrum of the atomistic structural models of ~5 nm DNs to better understand the
structure of the individual DNs at the atomistic scale. From these models, HR-TEM
images, and WAXS scattering data, we extracted the prior knowledge about the shape,
radial carbon density profile of individual DNs in aggregates. Second, we formulated a
polydisperse SAXS model and the optimization method for the selection of the unknown
volume fraction of DNs in irregular aggregates. With the optimized volume fraction of
DNs, we computed the size distribution function of DNs and its moments by fitting the
proposed polydisperse model to the scattering intensity measured by SAXS. Finally, we
compared and critically discussed the size distributions of DNs obtained from HR-TEM
images and the SAXS implemented with a novel polydisperse model.

9.2

Theory and modeling

9.2.1 Atomistic structural model of DNs
To calculate the scattering intensity produced by polydisperse samples of DNs on the
small-angle scattering range (i.e. low-Q), prior knowledge about the approximate shape
and carbon atom density profile in an individual DNs is needed. For this purpose, we
construct a series of 15 atomistic structural models of ~5 nm DNs using temperaturequench Monte Carlo simulations.



Our methodology consists of three steps. 10 In the first step, we generated a ~5 nm
carbon sphere by cutting a perfect diamond supercell using spherical coordinates. Each
sphere consists of ~8400 carbon atoms. In the second step, we used the Monte Carlo (MC)
quench simulations in NVT ensemble to relax and minimize the energy of the atomistic
structural models of DNs.18 A three-body environmental-dependent interatomic potential
(EDIP) was used for computing carbon-carbon interactions.19 As previously, the
temperature decreases linearly from 3000 K down to 30 K, with a step of 10 K. 10 For each
temperature, 1000 MC displacement steps were performed using the Metropolis
algorithm.10,20 The displacement of carbon atoms was adjusted every 1000 MC steps to
maintain the acceptance ratio of 0.4. In the final step, the energy of a quenched ~5 nm
nanodiamond crystallites was minimized in the general utility lattice program (GULP)
implemented with EDIP potential using a constant volume optimization with conjugate
gradients.21 From the atomistic structural models of DNs, we computed the theoretical
intensity and structure factor in the wide-angle scattering range using the Debye model,2225

as given by eqs. 1 and 2,
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where N is the total number of carbon atoms in the atomistic structural model of DNs,
୧ǡ୨ is the interatomic distance between i-th and j-th carbon atoms, = 4sin ˥Ȣ is the




modulus of the scattering vector, where 2˥ is the scattering angle,Ȣis the wavelength
of the incident X-ray beam, and f is the atomic scattering factor of a carbon atom.24 To
validate atomistic structural models of ~5 nm DNs, we compared the position and shape
of the scattering peaks against experimental WAXS measurements and the reflection lines
corresponding to diamond and graphite crystals.10

HR-TEM images provide only qualitative information about the 2D shape of DNs. In
contrast, deformation of the nanodiamond crystalline shape from the sphere can be
computed from the atomistic structural model of DNs via the concept of the
“asphericity”,26
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where  ۄ…ۃdenotes the average over an ensemble of DNs crystallites generated from
temperature-quench Monte Carlo method, and ɉଵ ǡ ɉଶ ǡ ɉଷ are the three eigenvalues of the
tensor of the radius of gyration, defined by,26
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Here N is the total number of carbon atoms in the atomistic structural model of DNs,
D,E = 1,2,3 denote the three Cartesian components and ୧D is the D component of the
position of the i-th carbon atom in the atomistic structural model of DNs. The asphericity
A takes a value between 0 (sphere) and 1 (rod). 26



The carbon density profile in DNs is not directly measurable in an experiment. From
the atomistic structural model of ~5 nm DNs, we computed the radial carbon density
profile by counting the number of carbon atoms in a certain volume bins registering these
numbers in suitable histograms.27

9.2.2 Polydispersity of DNs: Small-Angle X-ray Scattering
We treated DNs as tightly bound irregular aggregates consisting of spherical
diamond-like particles of different sizes. We assume that the size of those particles varies
slowly with the position in the aggregate so that every particle is surrounded by particles
of the same size (so-called the local monodisperse approximation). 28-30 Upon these
restrictions, the scattering intensity in the small-angle region is calculated as the
incoherent sum of the scattering intensities of monodisperse subsystems weighted with
the size distribution function, N(R),28
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eq. 5

where ∆ρ is the excess scattering-length density, q is the modulus of the scattering
vector, and η is the volume fraction of DNs.

The form factor, Φ(q, R)2, for a monodisperse spherical diamond-like particle with
uniform scattering length density can be computed from, 28-30
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eq. 6

where  ൌ ൫Ͷൗ͵൯Ɏଷ 

notes the volume of the sphere

The structure factor, ሺǡ Ǣ Ʉሻ , describing all correlations between DNs in
aggregates is approximated by the structure factor of the monodisperse hard-spheres,31,32
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eq. 7

Here, ሺǡ Ǣ Ʉሻ is the Fourier transform of the interparticle correlation function given
by eq. 8,31,32

ሺǡ Ǣ Ʉሻ ൌ െ

ଶସ
୶ల

ሼD ଷ ሺ െ  ሻ  E ଶ ሾʹ െ ሺ ଶ െ ʹሻ  െ ʹሿ 

JሾሺͶ ଷ െ ʹͶሻ െ  ሺ ସ െ ͳʹ ଶ  ʹͶሻ   ʹͶሿሽ

where
and J ൌ 

 ൌ ʹǡD ൌ 

eq. 8

ሺͳ  ʹɄሻଶ
െɄሺͳ  ɄȀʹሻଶ
൘ሺͳ െ Ʉሻସ ǡ E ൌ 
൘ሺͳ െ Ʉሻସ

Ʉሺͳ  ʹɄሻଶ൘
ሾʹሺͳ െ Ʉሻସ ሿ

Note that the volume fraction of hard-spheres, η, in eqs. 7 and 8 are unknown and it
is difficult to measure directly from the experiment. Thus, we propose to optimize the
value of η using the method of perceptual criteria. 33 Following to Svergun,33 the
reconstructed size distribution function, N(R), should be smooth and positive definite
over the entire range of DNs sizes. Therefore, in the first step, we inverted eq. 5 for
selected values of η in eq. 7 using an in-house implementation of the second-order



Tikhonov’s regularization method.34 As previously, the heuristic L-curve criterion was
used for selection of the optimal value of the regularization parameter. 34,35 In the second
step, for each solution, N(R;η), we defined and computed the oscillations, J , (e.g.
OSCILL) and positivity, J୮ (e.g. POSITV) criteria from the following expressions,
respectively,33
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33

Note that for non-negative function, POSITV = 1,

and for a smooth monomodal function OSCILL is close to 1. 33 Therefore, the optimized
volume fraction of hard-spheres in eq. 7 corresponds to the minimum of J୭ and the
maximum of J୮ Ǥ

We would like to stress that the optimization of η based on perceptual criteria is not a
unique approach, as pointed out by Svergun. 33 However, detailed analysis of the
optimisation results clearly showed that the unphysical; N(R) functions are rejected with
perceptual criteria. In particular, we found that all N(R) computed from eq. 5 and volume
fractions of hard-spheres η > ~0.2 in eq. 7 have spurious oscillations that cannot be
justified on the basis of physical intuition. Moreover, from the experimental HR-TEM,



we concluded that the optimized value of η = 0.13 is physically sound. The fractal-like
structures of DNs aggregates indicate non-regular and inhomogeneous packing of
spherical nanodiamond crystallites.

For the optimized volume fraction of 0.13, we computed the average radius of DNs
and their dispersion from the moments of the size distribution function, N(R),28,29
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Finally, we compared the characteristics of the size distribution of DNs computed
from a single SAXS intensity curve and the series of HR-TEM images.10

9.3

Results and discussion

Let us first compare the HR-TEM images of DNs with the representative atomistic
structural models of ~5 nm DNs simulated from Monte Carlo quench simulations
implemented with the three-body EDIP potential. HR-TEM images (Figure 9-1a) and the
atomistic snapshots (Figure 9-1b) show that DNs are spherical-like particles with a coreshell structure. Indeed, the asphericity of ~0.00012 computed from atomistic structural
models of DNs is quite small (Table 9-1), but its non-zero value indicates some deviations



of DNs shapes from a perfect sphere, which is also visible on HR-TEM images (Figure
9-1a). Due to high surface to volume fractions, the reconstructed sp 2 graphitic carbon
shells enclose the sp3 nanodiamond cores. Interestingly, patchy-like shells with sp2hybridized carbon atoms rather than a defected-free single graphene shell enclose the sp3
nanodiamond cores in theoretical DNs. It is worth noting that the toy-model of
nanodiamond shell proposed by Mochalin et al.36 consists of sp2 graphitic patches and
chains. The average binding energy between carbon atoms in simulated DNs of -7.126
eV/atom is slightly higher than the binding energy between two carbon atoms in graphite
and diamond crystal, e.g. -7.3768 and -7.3464 eV/atom, respectively (Table 9-1). The
surface reconstruction of nanodiamond crystallites explains the low value of the binding
energy per carbon atom and their spherical shapes (Table 9-1). In other words, the
stability of DNs cannot be achieved without surface reconstruction, as shown in the HRTEM image (Figure 9-1a) and the reconstructed atomistic models of DNs (Figure 9-1b).
An average radial carbon density profile of ~5 nm DNs shows a non-monotonic decrease
in carbon density close to the surface due to the patchy-like structure of sp2 graphitic
shells (Figure 9-1c). The thickness of the interfacial region obtained from the fitting of
hyperbolic-tangent function18 is ~0.7 nm (Figure 9-1c), indicating the disordered
structure of the sp2 graphitic shells.




Figure 9-1. (a) HR-TEM images of irregular aggregates of DNs. (b) Representative
atomistic structural models and (c) the average radial carbon density profile computed
from the atomistic structural models of ~5 nm DNs. Interfacial density profile fitted by
hyperbolic tangent function (solid blue line) and density of cubic diamond crystal
(horizontal dotted line) is displayed on (c).

Table 9-1. Structural and energetic parameters of DNs estimated from atomistic structural
models, HR-TEM observations, and SAXS using the proposed polydisperse model.
Asphericity[a]
0.00012 ± 7.4e-5

Eavg[b]

Ravg[c]

Ravg[d]

Ravg[e]

eV / atom

nm

nm

nm

-7.126 ± 0.004

1.88 ± 0.87

1.81 ± 0.92

2.25 ± 0.35

[a] Asphericity and [b] the average binding energy between carbon atoms in atomistic structural models of
~5 nm DNs, an average radius of DNs computed from [c] SAXS size distribution and [d] lognormal
distribution fitted to the reconstructed SAXS size distribution, [e] an average size of DNs extracted from
the HR-TEM images.10




Figure 9-2 compares the WAXS scattering intensity measured on DNs with the
theoretical one computed from the atomistic structural models of ~5 nm DNs using Debye
model. We noticed that the theoretical and experimental diffraction patterns are very
similar, including positions and dispersions of peaks. Both theoretical and experimental
scattering intensities contain the most prominent [111] and [220] diamond-type
reflections. The [100] graphitic type reflection is convoluted with [111] diamond-type
reflection. The absence of the general [hkl] diffraction peaks indicates the lack of
graphitic -ABAB- stacking structures in sp2 shells, which is fully consistent with our
previous study.10

Figure 9-2. Comparison of the experimental (expt.) WAXS with the atomistic modelderived one (theor.).



From HR-TEM images, wide-angle X-ray scattering experiments, and atomistic
modeling of individual ~5 nm nanodiamond crystallites we concluded that the irregular
aggregates of DNs can be approximated as tightly bound aggregates of spherical
diamond-like particles on the mesoscopic level. The optimized value of the volume
fraction of hard-spheres of 0.13 in eq.7 provides a reasonable approximation to the
structure factor of DNs due to the fractal-like structure of their aggregates. Figure 9-3
presents the comparison between the size distribution of nanodiamond crystallites
evaluated from HR-TEM images and polydisperse SAXS model. A smooth liner shape
of the SAXS intensity in log-log coordinates is a signature of the polydispersity of DNs.
Indeed, a single smooth peak characterizes the size distribution of DNs evaluated from
SAXS. By far the most significant difference between size distribution functions
determined from HR-TEM images and SAXS data is the shape and dispersion (Figure 93). The lognormal size distribution of DNs with an average radius of 1.88 nm and a
standard deviation of ± 0.87 nm is obtained from the fitting of SAXS data with a
polydisperse model. More symmetric size distribution of DNs with an average radius of
~2.25 nm and a standard deviation of ± 0.35 nm is extracted from HR-TEM images.10
The smaller variance extracted from HR-TEM images is theoretically justified. The radius
of the dominant fraction of nanodiamond crystallites determined by SAXS of ~2.0 nm
(Figure 9-3 and Figure 9-4), is slightly lower than the published radii of DNs of 2.2-2.5
nm.9,10 The fitting of the reconstructed size distribution function with a parametric lognormal distribution model and plotting of SAXS results in lin-log coordinates confirmed
that the sizes of DNs are log-normally distributed (Figure 9-3 and Figure 9-4). The
individual particle size of DNs determined by the present atomistic model aided SAXS




method has no overestimation that cannot be removed by the HR-TEM method due to the
strong bindings between the particles.

Figure 9-3. The size distribution of DNs crystallites evaluated from HR-TEM images and
reconstructed from the SAXS intensity (vertical bars: model-free reconstruction with an
optimized volume fraction of 0.13, solid line: lognormal fit to the reconstructed size
distribution with a correlation coefficient of 0.98). Bottom panels show the fitting of the
SAXS intensity by the polydisperse model with an optimized volume fraction of hardspheres in eq.7 of 0.13.



To the best of our knowledge, the detailed mechanism of the nucleation and growth
of detonation nanodiamond crystallites is still a debated topic. The lognormal size
distribution of DNs is obtained from the solution of the Smoluchowski’s coagulation
equation using Monte Carlo simulations.37 The Smoluchowski coagulation model is an
idealistic treatment of a closed system with an initially large population of small DNs
coagulates. The collision and coagulation of nanodiamond control the process. Over time,
the mean particle size increases, and the system gradually runs out from small DNs.37 The
random growth duration model of Kiss et al. (1999)38 explains log-normal particle size
distributions from first principles in a physically realistic way, without coagulation. Small
nucleus particles enter into the active zone and travel through it via diffusion and drift.
The growth occurs in active zone only, where it is controlled by the relative diffusion and
drift transport. The nucleation and growth of nanodiamonds during detonation of
explosives are out-of-equilibrium processes, thus, we postulate that the random growth
duration model is the most probable mechanism that explains the log-normal size
distribution of DNs reconstructed from the SAXS data. The coarse-grained modeling of
interactions between individual DNs is crucial for the understanding of their aggregations
and clustering on the mesoscopic level. The present precise size evaluation with atomistic
model-aided SAXS enables to derive the above essential insight.




Figure 9-4. (a) HR-TEM image of DNs fractal-like aggregates on the mesoscopic scale
(b) lin-log plot of the SAXS size distribution functions (see Figure. 9-3). Note the
Gaussian shape of SAXS size distribution functions in lin-log coordinates.




9.4

Conclusions

We present a simple polydisperse model for determination of the size distribution
function of DNs crystallites from the small-angle X-ray scattering. From the atomistic
structural models of ~5 nm DNs simulated using Monte Carlo quenched method, we
found that nanodiamonds have a core-shell structure. The sp3 nanodiamond cores are
enclosed with patchy-like graphic sp2 carbon shells. The thickness of the interfacial region
obtained from the fitting of hyperbolic-tangent function to simulated data is ~0.7 nm. This
indicates that sp2 graphitic shells have a disordered structure. The asphericity of ~0.00012
computed from atomistic structural models of DNs is quite small, indicating a small
deviation of DNs shapes from a perfect sphere, which is consistent with HR-TEM
observations. On the mesoscopic level, DNs are modeled as an assembly of spherical
diamond-like particles with a distribution of particle sizes. The structure factor of the
hard-spheres model with an optimized fraction of 0.13 is used to include the correlations
between individual DNs in aggregates. The simplified model of DNs polydispersity fitted
the experimental SAXS data very well. It is discovered that DNs are polydisperse and
their sizes are log-normally distributed. The average radius of DNs of 1.88 and 2.25 nm
computed from SAXS and HR-TEM images is comparable. However, the fraction of NDs
crystallites with a larger radius of ~> 3 nm is only visible on SAXS, which can be
explained by the poor statistic of HR-TEM image analysis. Our modeling and
investigations reveal a log-normal size distribution of DNs crystallites. The random
growth duration model rather than Smoluchowski’s coagulation model was postulated as
a probable mechanism of NDs nucleation and growth.
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Chapter 10
10. General conclusions and perspectives
This research focused on a deeper understanding of the hygroscopic property of
nanodiamonds; an interfacial property deeply involved in the processes where waternanodiamond interaction is present. Several aspects related to the hygroscopic property
of nanodiamonds were targeted through the development of this research.

First, previous nanodiamonds-water related studies were presented in order to have a
general overview of the state of art. Origin, structure, and chemistry of nanodiamond is
the basic knowledge to explain the hygroscopic ability of nanodiamonds. Association of
3-5 nm nanodiamonds; forming nanodiamonds aggregates of 50-500 nm; leave interparticular pores. These aggregates contain structural water, and posse ability to hydrate.

Second, current research has not deeply considered the inter-particular pores in the
hygroscopic ability of nanodiamonds. Therefore, a short review of the fundamentals of
adsorption was presented in order to understand the implications of considering the
textural properties of nanodiamonds aggregates in the explanation of their hygroscopic
property. Water, nitrogen, and argon adsorption isotherms gave information on the
textural properties of nanodiamond aggregates.

Third, experimental and modeling studies were performed to propose a mechanism
of the hygroscopic ability and water adsorption property of hierarchically nanoporous



detonation nanodiamonds. The hygroscopic nature of nanodiamonds is associated with
the surface functionalities situated on the graphitic shell, and with the ultramicropores
among nanodiamond particles in the aggregates and on the mesopore walls.

Fourth, availability of water-selective adsorption sites on detonation nanodiamonds
depends on heating (in the range of 423 K – 623 K); the higher the heating in vacuo, the
higher amount of water-selective adsorption sites, which are responsible for the
hygroscopic behavior.

Fifth, prolonged heated nanodiamonds shows an anomalous water adsorption
behavior. Heating at 423 K for 52 h changes the aggregate structure of nanodiamonds by
removing structural water molecules that stabilized the aggregate structure, resulting in
tighter aggregation of nanodiamond particles. Further adsorption of water molecules can
re-open the aggregate structure.

Sixth, structural water contained in nanodiamond aggregates, or subsequently loosely
or strongly adsorbed water (due to their hygroscopic ability) enhances their intrinsic
property of electrical conductivity.

Seventh, wettability and hygroscopic property of nanodiamonds were compared to
other

commercially available

hydrophilic

or

hydrophobic

porous

materials.

Nanodiamond aggregates, at bulk scale, quickly absorb water droplets. The water
absorption capacity of nanodiamonds is comparable to that of the clay Montmorillonite
and higher than those of the zeolites ZSM-5 and molecular sieve 5A. Such comparisons



were addressed by contact angle measurements and absorption of liquid water droplets.

Eighth, the contribution to water adsorption on SWCNH addressed, where are shown
selective sites for water adsorption gives the key to understand the hygroscopic behavior
of nanodiamonds.

Ninth, simulation studies based on experimental data on SAXS helped to determine
the nanodiamond structure and dimensions more accurately, which is essential to
understand the hygroscopic nature of nanodiamonds.

Finally, considering that a projection from the United Nations Environment Program
indicates that severe water shortages will affect 4 billion people by 2050, nanodiamond
hygroscopic ability; whose approach remind mimicking mechanisms in nature; must be
exploited in future for designing nanodiamond-based materials for water sustainability.

“Look deep into nature and then you will understand everything better.”
Albert Einstein
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