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PREFACE

The present work constitutes a contribution to the world effort to search for a material
that could store hydrogen by physisorption, at ambient temperatures, and moderate pressures.
The ultimate goal of this research is to synthetize the material that is cheap, safe, light, and can
reversibly store hydrogen in the quantity that will allow its massive use as fuel in fuel cells-
powered light vehicles. The detailed list of requirements that hydrogen-operating systems
should fulfil to be introduced on the market was formulated by US Department of Energy. It
concerns all aspects of the future hydrogen-powered vehicles, from fuel tank and fuelling
procedure to operation of combustion engine (fuel cell). Here we focus only on one aspect of
this complex problem: the search for a sorbent that could extend the current limits of hydrogen

storage at room temperature by physisorption.

The work realized during the thesis consisted in experimental proof of concept that the
boron containing nanoporous carbons, theoretically predicted to have large hydrogen storage
capacity, can be produced by the electric arc discharge between boron-containing graphite

electrodes.

The first chapter of the thesis (Hydrogen storage — technological challenge) introduces
briefly the problems related to the intensive exploitation of the fossil sources of energy, then
reviews the current state of art in developing sorbents for hydrogen storage by physisorption.
A special attention is payed to theoretical and experimental works devoted to analysis of
applicability of carbon-based materials for hydrogen storage: their synthesis, characterisation

and predicted/measured storage capacity, at cryogenic (T = 77 K) and ambient conditions.

The second chapter (Physical synthesis of nanoporous carbons by electric arc discharge
technique and description of characterization methods) describes the general concept and
technical details of physical synthesis of all-carbon and boron-substituted carbon structures in
the electric arc. Furthermore, the chapter provides short description of characterization methods
used in the present work: microscopies, spectroscopies, X-ray diffraction, and adsorption
techniques. Their basic principles are briefly explained to give a reader a necessary background

to easily follow the presentation of the results in chapters 3 and 4.

The third chapter (Characterisation of adsorptive properties of nanoporous carbons
prepared by arc discharge technique) presents the analysis of arc-prepared all-carbon samples.

The chapter is divided into two parts, providing samples’ characterization successively before



and after activation (by thermal and chemical activation procedures). The detailed description

of activation procedures is also provided.

The fourth chapter (Characterisation of adsorptive properties of nanoporous boron-
carbon samples prepared by arc discharge procedure) focus on characterisation of boron-
containing carbon samples. A special attention is devoted to analysis of morphology and
structure of boron-reach fragments of the samples, and to evaluation of homogeneity of boron
distribution in the material. As for all-carbon samples, the samples’ characterisation was

conducted both: before and after activation procedure.

The ensemble of presented results constitutes only the first step in exploring of
possibility of arc—discharge preparation of substituted nanoporous carbons for efficient
hydrogen storage. This study brought to the light more experimental questions that we were
able to answer during the limited time allocated to this PhD project. Therefore, chapter five
(Final conclusions and perspectives) summarizes the obtained results and indicate possible
ways to (i) overcome the encountered problems, and (ii) explore other types of substituted

carbons.
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CHAPTER 1

Hydrogen storage — technological challenge
1.1. Introduction

Over ages, energy requirement became one of the most important factors in humans’
life. Since XIX century until now fossil fuels (coal, oil, natural gas) are main natural energy
sources. They are used to produce the primary forms of energy (electricity, transport fuels) and
contribute to industrial evolution which allowed to change almost all aspects of human life.

Fossil fuels created naturally from ancient plants and organisms in carboniferous period
hundreds of millions years ago, are considered as non-renewable energy sources at the scale of
human life. Fig. 1.1 presents the production of fossil fuels since 1800, and projected until 2200
with the peak of maximum production predicted in 2050 [1.1]. Global energy request inevitably
leads to the exhaustion of economically and technically accessible resources in about 200 years.
Although a residual amount of fossil fuels will still remain underground at this moment, their
geographic location and dispersion of deposits will make them inaccessible, and their extraction
energetically expensive and risky.

100

historic You are here projected

80

60

natural gas

40

liquids
(primarily oil)

20

billion barrels of oil equivalent per year

0 4
1800 1900 2000 2100 2200

Figure 1.1. Global production of fossil fuels from 1800 to 2200 [1.1].

Additionally, the exploitation of fossil fuels contributes to the climate change. When
burning, they are the largest emitters of carbon dioxide (CO.), one of the major greenhouse
gases (together with methane). Carbon dioxide contributes to global warming by absorbing
invisible, infrared radiation (heat) coming from the Earth’s surface and preventing its
evacuation toward space. Fig. 1.2 (left panel) shows the evolution of the carbon dioxide

concentration in the atmosphere since 1960 [1.2]. The CO2 concentration increased nearly 100



ppm (30%) during the last 50 years, and continues to rise, mainly because of the intense
exploitation of fossil fuels. Fig. 1.2 (right panel) shows temperature anomaly over the last 140
years [1.2]. The term temperature anomaly means a departure from a reference value or long-
term average, and its value is averaged over the entire planet. Starting 1960 a drastic change in
temperature anomaly evolution is clearly seen. Today, in average, the temperature of the planet
atmosphere is 1 degree higher than in 1960. The environmental consequences of global
warming caused by human activities are now widespread: more intense heat waves, accelerated

rise of sea level, glaciers melting, species extinction, and many others [1.2].
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Figure 1.2. (left) Carbon dioxide concentration — monthly measurement (in ppm); (right) global land-

ocean temperature index [1.2].

The environmental and human health issues caused by overconsumption of energy by
modern societies, and the exploitation of fossil fuels at the level that overpassed the planet
capacity to absorb its consequences forces humanity to look for alternative sources of energy.
They should be environmentally sustainable and renewable. Many of such resources (fluxes or
deposits) are now widely exploited: it includes solar and geothermal energy, energy of wind
and water, and energy of biomass, a main energy resource for centuries, now rehabilitated.

These so called ‘green’ energy resources are mainly used to produce electricity.

One of the most expanding sectors using fossil fuels is transportation. Vehicular
transport and aviation are currently the main responsible for the fast growth of CO2 emissions
(~30% of total CO2 emissions in the most developed countries) [1.3]. Therefore, transportation
sector requires new technological advances in the field of engine performance, those operating
using conventional fuels (gasoline or diesel) or natural gas and biofuels, and development of

high capacity batteries for improvement of the range of electric vehicles. Another possibility



consists in using alternative energy vector, hydrogen: clean, renewable and non-toxic gas, that

can supply fuel cells, but today is mainly used as a rocket fuel (together with oxygen) [1.4].

Hydrogen has higher energy content per unit mass than organic compounds made from
fossil fuels. Fig. 1.3 compares the gravimetric and volumetric densities of energies of common
fuels [1.5]. Gravimetric density of hydrogen (33 kWh/kg) is nearly three times higher than
gasoline (12 kWh/kg). Additionally, the exothermal reaction of hydrogen with oxygen produces
energy and water vapour only (combustion by-product). These two facts make hydrogen an
ideal energy vector to be used in transportation. Unfortunately, the development of hydrogen-
fuelled vehicles faces a major difficulty related to of on-board hydrogen storage. Hydrogen has
low volumetric density of energy (2.5 kWh/L for liquid hydrogen), whereas that of gasoline is
nearly 4 times larger (9.5 kWh/L). It means that 5-13 kg of hydrogen must be stored on-board
to meet the convenient driving range of the light-duty vehicle of ~500 km [1.5].
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Figure 1.3. Comparison of specific energy (energy per mass or gravimetric density) and energy
density (energy per volume or volumetric density) for several fuels based on lower
heating values [1.5].

Hydrogen on-board storage systems have to meet cost, safety and size requirements.
According to DOE requirements, storage system should allow to drive more than 500 km
without refilling the tank. To reach this goal, storage system must provide 1.5 kWh/kg of
gravimetric capacity and 1.0 KWh/L of volumetric capacity [1.5]. In the case of hydrogen, these
numbers imply the development of hydrogen storage system allowing the gravimetric storage
of 4.5 wt.% of hydrogen, with simultaneously volumetric capacity of 0.030 kg of hydrogen per
litre of tank (Table 1). Such high-density storage of hydrogen is technologically challenging.



Theoretically, hydrogen can be stored either (i) physically, in form of gas (compressed
at ambient temperature in high-pressure tanks), in form of liquid (at ambient pressure but
cryogenic temperatures), or in form of gas confined inside a porous solids (reversibly
physisorbed on pores walls through weak van der Waals forces), or (ii) chemically, in hydrogen-
containing materials (hydrogen is then forming strong chemical bonds with other elements).
Today compression is the most widely used method of hydrogen densification. The gas,
compressed to the high pressure, is storaged in cylindrical bottles, containers or large volume
underground caverns. This method is relatively inexpensive and allows for large scale
stationary storage. It used in refuelling stations, as its additional advantage is fast filling-
releasing rate. However, it is inconvenient for vehicular applications, as it is not safe for massive
use. In fact, to guarantee the necessary gravimetric and volumetric gas density the pressure
inside the fully loaded vehicle’s tank should be very high. It is a consequence of the fact that
the stored quantity does not scale proportionally with pressure. According to the review
published by Zhang et al., at 350 bar the gravimetric and volumetric gas densities are 1.8
kWh/kg and 0,6 kWh/L, respectively; when the pressure increases to 700 bar the values are 1.5
kWh/kg and 0.8 KWh/L, only [1.6].

Table 1. Storage system targets; data presented by DOE [1.5]

Storage System Gravimetric Density | Volumetric Density | Cost
Targets kWh/kg system KWh/L system $/kWh

(kg Hz/kg system) (kg H2/L system) ($/kg Ho)
Ultimate 2.2 (0.065) 1.7 (0.050) $10 ($333)
2020 1.5 (0.045) 1.0 (0.030) $8 ($266)
Current Status Gravimetric Density | Volumetric Density | Cost
(from Aragonne kWh/kg system KWHh/L system $/kWh
Aol (kg Ha/kg system) (kg H2/L system) ($/kg H2)
Laboratory)
700 bars 1.4 (0.042) 0.8 (0.024) $15 ($500)
compressed single
tank




The small 700 bar hydrogen tanks are today the most successful in meeting most of the DOE
2020 requirements (see Table 1) [1.7]. The two already manufactured fuel cell cars, Toyota
Mirai (released in 2015) and Hyundai Nexo (2018) have two or three 700 bar hydrogen tanks
with total volume of ~156 L to provide around 400 km of drive. However, for safety reasons
and costs, a massive production of such vehicles will not be possible in the near future.

The density of stored energy is higher when hydrogen is stored in the liquid form.
However, this method of storage needs an initial expense of large amount of energy: first, to
cool the gas down to 21 K, and then to liquefy it [1.8]. As the vessels containing liquid hydrogen
are usually stored at ambient conditions, the heat input from outside the vessel causes hydrogen
loss (5% of total hydrogen mass per hour) via evaporation (boil-off phenomenon). In the case
of vehicular applications, the boil-off effect should be eliminated, not only to reduce the
refuelling frequency and costs, but also to improve the energy efficiency and safety [1.6, 1.9].
Additionally, the big weight of the storage vessels of both gas and liquid hydrogen (the tanks
are made mostly of metals and carbon fibers [1.10]) and their small capacity make the physical

storage of liquid/gaseous hydrogen expensive and hard to implement on board of vehicles.

The nanotechnology appears to be an efficient strategy to address the challenges
mentioned above. Physical storage can be facilitated by trapping hydrogen inside the high
surface area nanostructured materials such as zeolites, carbon materials (i.e. graphene,
nanotubes, fullerenes), Metal Organic Frameworks (MOFs), Covalent Organic Frameworks
(COFs), or Porous Polymer Networks (PPN). The optimization of hydrogen sorbent has been
summarized in many review articles [1.11-1.16]. According to current state of knowledge it
will be difficult to reach the high H. storage in conventional high surface area adsorbents,
because of their low average adsorption energy, heterogeneity of surfaces, macroporosity and
poor volumetric packing. In carbon-based materials (with specific surfaces up to 3200 m?/g)
the main limitation results from the relatively small hydrogen binding to the graphene surface
(4-6 kJ/mol) [1.11]. The porous MOFs and COFs structures with exceptionally large surface
areas (up to 5500 m?/g) have been also tested for hydrogen storage [1.17-1.19]. These materials
are built from metal or metal oxide vertexes interconnected by organic linkers. In COFs, metal
sites are replaced by light elements to decrease the structure weight. Depending on choice of
the building elements a variety of 3D structures has been prepared, with very high and tunable
porosity [1.20]. Many experimental and theoretical studies have shown impressive hydrogen
storage capacity in COFs (in particular, COF-108 exceed 20 wt.% storage capacity at 100 bar

[1.20]), but at cryogenic temperature and high pressure. However, the optimization of pore size



distribution in order to maximize sorbent specific surface is not easy to achieve with
simultaneous maintain of necessary high volumetric density defined by DOE. The average
binding energy of Hz in MOFs and COFs is even lower than that of the activated carbons. In
consequence, their performance at ambient temperature and moderated pressure still falls short
from the DOE targets.

Chemical methods of hydrogen generation and storage are based on a reversibility of
the hydrogenation/dehydrogenation reactions upon changes in temperature and pressure [1.21].
Unfortunately, in many cases, the hydrogenation reaction requires high operating temperatures
from (80°C to 600°C) and must be done off-board (no on-board refuelling is possible) [1.22].
In addition, a platinum-based or noble-metal supported catalyst is required to enhance the

kinetics of hydrogen cycling.

Although a large scientific effort is focused nowadays on the formation of hydrides, and
storage in zeolites and metal organic frameworks, the modest progress of performance and
relatively high cost of these methods lead to the search of alternative ways of hydrogen storage.
The physisorption appears today as the best way of physical hydrogen storage. However, an
optimal Hz sorbent should be developed. The current trends focus on a search for materials with
higher binding energy of hydrogen. Carbon-based adsorbents (activated carbon and carbon

nanotubes) remain amongst the most promising materials for this purpose.

1.2. Literature review

To be successfully applied in mobile devices, the hydrogen adsorbent has to fulfil many
requirements. It should not only store at room temperature 0.045 kg of H> per kilogram of
system (thus 4.5 wt.%, the 2020 goal, see Table 1), but also 0.030 kg of Ha per litre of system.
The adsorbent has also to be chemically stable, of low weight, low cost, and has to allow
reversible storage at room temperature. Finding the best adsorbents to reach these targets
basically consists in optimizing two essential adsorption parameters: the energy of hydrogen
binding to the material and the surface available for adsorption [1.11]. Too high adsorption
energy will lead to a large amount of residual adsorptive at the exhaustion pressure, and
therefore to reduced delivery, whereas too low hydrogen-sorbent interaction will result in low
density of stored gas [1.12]. Therefore, the adsorption at ambient temperature must be almost
entirely governed by the weak van der Waals (VdW) interactions (physisorption).
Chemisorption requires too high desorption temperatures (> 600 K), impossible to implement

in mobile devices [1.23].



1.2.1. Carbon materials
1.2.1.1. Graphene — a base for other forms of carbon

Pure carbon materials such as graphite, activated carbons, and carbon nanotubes (CNT)
adsorb hydrogen with energy of 4-6 kJ/mol. These values are too low to efficiently store
required amount of hydrogen at room temperature and reasonable (lower than 120 bar)
pressures. Theoretical calculations predict storage capacities of graphene-based absorbents do
not exceed 1 wt.% at 100 K and rapidly decrease at higher temperatures [1.24]. Maximal storage
capacities at 77 K and ambient pressure are found to be about 1.90 and 2.25 wt.% for stacks of
graphene sheets and isolated graphene sheets, respectively. Patchkovskii et al. [1.25] pointed
out that the low attractive H>-graphene reaction energy at ambient temperature makes graphite
unsuitable for practical H> storage. However, if the distance between graphene layers that
compose graphite increases (graphite is expanded), hydrogen may penetrate between layers and
adsorb with much higher energy.

Graphene is a two-dimensional one-atom-thick crystal, composed of carbon atoms, sp?
hybridized and arranged in honeycomb-like pattern. It is a promising adsorbent for many gases
due to its high specific surface area, of the order of ~ 2600 m?/g (Klechikov et.al., [1.26]).
Hydrogen can be adsorbed on graphene either by physisorption (involving Van der Waals
interactions) or by chemisorption, i.e. by forming a chemical bond with the carbon atoms [1.27].
At ambient temperature the energy of hydrogen physisorption on graphene is around 0.6 kJ/mol
[1.25]. At high pressures and low temperatures hydrogen forms dense monolayer on of

graphene, which corresponds to 3.3 wt. % of gravimetric storage capacity [1.28].

The chemisorption of atomic hydrogen on graphene occurs with the energy of 15 kJ/mol. It
is not observed at ambient temperature because of the high energy required for the dissociation
of the hydrogen molecule in two atoms. Atomic hydrogen chemically attached to the graphene
layer creates graphane by changing carbon hybridization from sp? to sp®. This structural
modification induces several changes in electrical properties of the material: the conducting p-
bands disappear, the energy gap appears between conduction and valence band [1.29, 1.30],
and the material becomes a semiconductor. The modifications of electrical and structural
properties of graphene upon hydrogenations have been observed using a variety of
characterization tools. It was reported by Elias et al. [1.31], that electron diffraction patterns
change after 4 hours of exposure of graphene membranes to atomic hydrogen. Raman spectra
also change when hydrogenation takes place. In general, the intentional formation of defects

and/or imperfections in sp? structure of graphite/graphene is considered to be a promising



approach to improve the capacity of carbon-based materials to store hydrogen. There are several
types of structural defects that can be generated in graphene. The first category consists in the
presence of non-hexagonal rings (pentagons or heptagons) in the graphene layer. These defects
induce curvature of the graphene-like layers. Another, related type of defects consists in bond
rotations (called Stone-Wales—type transformations, Figure 1.4). These defects are created by

rotating by 90° a carbon—carbon bond; as a result, four adjacent hexagons transform into two

o
feseiee:

Figure 1.4. Stone-Wales defect. a) rotation of one carbon-carbon bond over 90°, b) the resulting

pentagons and two heptagons.
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defect, consisting in two pentagons adjacent to two heptagons [1.32].

The last category is non-sp? carbon defects. In this case, highly reactive carbon species
are present in the form of dangling bonds, interstitial atoms, adatoms, or vacancies. All these
defects can be doped/substituted by different atoms [1.33]. Graphene edges can be considered
as defects, and they also fall in this category [1.34]. The graphene edges can occur in different
atomic configurations (zig-zag, Klein edge, arm-chair, reconstructed 5-7 edge). All these
structures have chemical and electronic properties that differ a lot from those of ‘bulk’ graphene
[1.35, 1.36]. Theoretically, graphene edges are very easily passivated with hydrogen as this
lowers the edge energy [1.36]. A variety of other elements (N, O, H, Fe and Si) are also known
to chemically bond to the graphene edges. The edges of fragmented graphene sheets create

additional surface for adsorption [1.37].

Graphene is a basic building block of other carbon allotropes, like buckyballs or carbon
nanotubes (Fig. 1.5). In fact, the inclusion of 12 pentagons in a graphitic cluster leads to
formation of fullerenes, all-carbon closed clusters with no boundaries. Such spherical surface
is electronegative; therefore, the chemistry of fullerenes is very rich, and makes them become
good candidates for hydrogen adsorption [1.38]. Similarly, the presence of heptagons and

octagons could produce Schwarzite-like materials or nanotube networks with micropores



[1.33], where adsorption can take place. The adsorption properties of above-mentioned

materials will be described in detail in the chapter 1.2.1.2.

Figure 1.5. Graphene is a 2D building material for carbon materials of all other dimensionalities. It can
be wrapped up into OD buckyballs, rolled into 1D nanotubes or stacked into 3D graphite
[1.39].

1.2.1.2. Carbon nanotubes, fullerenes, and nanocones

Carbon nanotubes (CNT) are organized cylindrical structures which can be synthetized
by many techniques such as the arc-discharge [1.40], laser-ablation (vaporization) of graphite
[1.41], or chemical vapour deposition (CVD) [1.42]. Their diameters range from subnanometer
to tens of nanometers, and the length from less than a micron to several millimetres. CNTs are
made up of a rolled graphite basal plane. Depending on the number of cylinders that constitute
a CNT, we distinguish single-walled CNTs (SWCNTSs), double-walled CNTs (DWCNTS), and
multi-walled CNTs (MWCNTS), with a central tubule of nanometric diameter surrounded by
several graphitic layers separated by about 0.36 nm [1.43]. The rolling up direction of graphene
sheet (a chiral vector, Fig. 1.6), and in consequence, the angle between C-C bonds and the tube
axis determine the chirality of a tube. The two extreme situations, “zigzag” (chiral angel 6 = 0°

and m = 0) and “armchair” (6 = 30° and n = m) CNTs are showed on Fig. 1.6.
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Figure 1.6. a) Schematic diagram showing how a hexagonal sheet of graphite is ‘rolled’ to form a carbon
nanotube; lllustrations of the atomic structure of (b) an armchair and (c) a zigzag nanotube
[1.44].

The electronic properties of a nanotube depend on its structure. Armchair nanotubes are
metallic, zigzag can be either metallic or semiconducting [1.43, 1.44]. The optical, mechanical
and conductive properties of nanotubes where largely investigated [1.45-1.48]. Their
microporous nature was also explored (theoretically and experimentally) to investigate the
possibility of CNTs application as gas adsorption/separation material. Darkim et. al [1.49]
reported the Monte Carlo simulations of hydrogen adsorption in SWCNT with diameter from
0.7 to 1.1 nm, at the pressure of 10 MPa, and temperature of 293 K. The authors showed that
the number of adsorbed molecules decrease when the tube diameter increase. This result pointed
out the importance of the solid—gas interaction for the total gas uptake and stressed that the
space available for adsorption of hydrogen molecules has to be small enough to maximize the
gas interaction with the confining walls. A year later Liu et al. [1.50] reported the synthesis of
SWCNTSs using semi-continuous hydrogen electric arc discharge technique. In contrary to the
traditional electric arc method, they used a large, rotatable cylindrical anode (400 mm in
diameter and 35 mm in height) composed of 94.5 atomic weight % of graphite, evenly dispersed
catalysts powders (3 wt.% of Ni, 0.75 wt.% of Co, 0.75 wt.% of Fe), and growth promoter FeS
(1 wt.%). The anode and cathode are not facing each other, but rather make an oblique angle.
The produced carbon nanotubes have the diameter of ~1.85 nm and can store 4.2 wt.% of
hydrogen at room temperature and pressure of 12 MPa. Moreover, the authors showed that
higher hydrogen uptake can be reached in nanotubes with bigger diameter. This disagreement
between the results obtained by both research groups can be tentatively attributed to the
differences of SWCNTSs diameters and/or different purity of the samples. Wang and Johnson

[1.51] calculated the adsorption isotherms for optimized tube arrays as a function of the tubes’
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diameters, the structure of the tube bundles, and the interaction potential between hydrogen and
the tube walls. The tubes of 0.9 nm of diameter show the highest volumetric densities of
adsorbed hydrogen comparing to the tubes with bigger diameters 1.2 and 1.8 nm, at both 298
and 77 K. At 298 K and the pressure of 100 bar the gravimetric and volumetric densities of the
adsorbed hydrogen are 0.043 kg/L and 0.042 kg/kg, respectively. Williams and Eklund [1.52]
performed Monte Carlo simulation of Hz physisorption in finite-diameter carbon SWCNT ropes
and found that at constant pressure the amount of adsorbed hydrogen increases with decreasing
temperature: from 1.4 wt.% (T = 300 K) to 9.6 wt.% (T = 77 K), for the storage pressure of 10
MPa. For lower hydrogen pressure (p = 10 MPa) the stored amount is considerably lower, 0.2
wt.% (T = 300 K), and 5.9 wt.% (T = 77 K). Experimentally measured hydrogen uptake in
SWCNTSs (at ambient temperature and pressure) is of 1.5 wt.% per 1000 m?/g of surface [1.28].
Although the results reported in the literature present many inconsistencies, all groups agree
that SWCNTSs are not the best material for hydrogen storage due to their low hydrogen uptake

at ambient temperature.

Another allotrope of carbon, fullerenes, are the closed quasi-spherical structures
isomeric of CNT. [1.53]. The deviation from planar geometry of graphene sheet causes the
change of the hybridization of carbon from purely sp? (as in graphite) toward sp, with electron
density strongly localized on selected carbon atoms [1.54, 1.55]. Theoretically, hydrogen may
be adsorbed either in octahedral interstices of close-packed crystalline structures of fullerenes
orinside the fullerene cage. Venkataramanan et. al [1.56] showed experimentally that the storage
capacity of the Ceo crystals is small, of only 0.28 wt.% at 40 °C. The mechanism of hydrogen
adsorption inside the fullerene Ceo cage was theoretically calculated by Pupysheva et al. [1.57].
The authors demonstrated that hydrogen has tendency to create chemical bonds with the
nanoparticles with bent surface (such as nanotubes or fullerenes). These bonds are mainly
formed on the convex surface of the nanoparticle as the carbon p-orbital participating in bond
formation is localized outside the carbon cage. At high pressures hydrogen can also chemically
attach to carbon atoms on concave surface of fullerene. It has been shown that the Ceo molecule
with 58 hydrogen atoms chemically attached to the internal fullerene surface becomes unstable
at room temperature; this leads to the breaking of the fullerene nanocage (Fig. 1.7) and to the
release of molecular hydrogen. Therefore, the storage of hydrogen in this system is reversible.
However, to reach DOE goal, the hydrogenated fullerenes with larger cage should be
considered. The fullerene C720, encapsulating more than 800 hydrogen atoms could reversibly
store ~ 10 wt. % of hydrogen at T = 300 K [1.57].
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Figure 1.7. Snapshots of ab initio molecular dynamics simulations of H58@C60 structure at 300 K: (a)
0 fs, (b) 250 fs, (c) 350 fs, and (d) 800 fs. Breaking of bond between two carbon atoms

shown in black initiates cage opening [1.57].

A large experimental and theoretical literature describes the possibilities of hydrogen

storage in chemically modified fullerenes. This aspect will be referred in Chapter 1.2.2.

Carbon nanohorns for effective hydrogen storage have attracted less attention than
fullerenes and nanotubes. They are subclass of the carbon nanocones (CNCs) and are usually
synthetized by laser ablation of graphite. They are considered as model systems to investigate
the nucleation and growth of curved carbon nanostructures. An example of a nanocone structure
is shown on Fig. 1.8. As in all carbon allotropes, the presence of pentagons is essential in
definition of atomic construction of a cone. A pentagon introduced into graphene honeycomb
lattice constitutes a 60" disclination defect and, in consequence, the curvature of the flat
graphene sheet (Charlier et, al [1.58]). The typical nanohorns nanoparticles have the specific
surface areas around 1500 m?/g. Due to their low cost and relatively high surface area they were
considered as potential candidates for hydrogen storage. It was also reported that the energy of
hydrogen binding to the nanohorn surface may be as high as 9.6-11.6 kJ/mol [1.59]. However,
the nanohorns sample that exhibit simultaneously both: high surface required for hydrogen

adsorption and high binding energy was not yet synthetized.
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Figure 1.8. (a) Extraction of a 60+ section from a graphene sheet in order to form a cone structure (b)
by incorporation of a single pentagon defect. (c) High-resolution transmission electron

microscopy image of a nanocone which contains three pentagons at its tip apex [1.58, 1.60].

1.2.1.3. Activated carbons

Activated carbon are porous carbon materials with highly developed surface area and
porosity. They can be prepared by any carbonization process from a variety of organic matter
sources like pistachio-nut shells [1.61], corncob [1.62, 1.63], fire wood [1.64], Spanish
anthracite [1.65], and any other organic waste. The materials are generally amorphous, and the
distribution of pores sizes is usually wide. The activated carbons structures contain mostly
micro (pore diameter smaller than 2 nm) and mesopores (pores of diameter between 2 and 50
nm). These pore sizes allow to accommodate a large variety of gases and liquids. The high
surface area of activated carbons is obtained through an activation process. Physical activation
consists in gasification of carbon precursor in the furnace under vacuum or controlled

atmosphere; chemical activation is usually performed using acids or bases [1.62, 1.66].

Chemical activation is considered as the most efficient method of carbon activation. It
can produce activated carbons with specific surface larger than 3000 m?/g (the specific surface
of an ideal, infinite graphene layer is equal 2600 m?/g). It consists in mixing or impregnation
of carbonized material with a chemical agent (KOH aqueous solution [1.62, 1.67], zinc chloride
(ZnCl) or sulfuric acid (H2S04), [1.61]), and then exposing the mixture to high temperature
(above 700 °C) under gas flow (nitrogen, steam, helium, argon). Below T = 700 °C the
activation with KOH proceeds in four steps [1.68]: (1) dehydration of KOH to K20, (2) carbon

consumption, and ((3) and (4)) formation of carbonate.
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2KOH - K,0 + H,0 (1)

C+H,0-CO+ H, ()
CO + H,0 - CO, + H, (3)
CO, + K,0 > K,COs (4)

The process is generating micropores and small mesopores. The high temperature is necessary
to maximize the yield and speed of the activation process, and to increase the fraction of
micropores in the resulting product. Above 700 °C, activation occurs alongside the formation
of metallic potassium. The mechanism is described by reaction (5) and (6): and it is related to
formation of micropores:

K,0 + H, » 2K + H,0 (5)

K,0 +C = 2K + CO (6)

Metallic potassium penetrates between graphitic layers, pushing them away and create a path
for KOH molecules (Fig. 1.9). This process generates mainly the micropores. The final porosity
of activated carbon depends on activation temperature and KOH:C weight ratio used to prepare
impregnated samples. According to Romanos et.al, [1.62], the maximum of both porosity and
surface area of the material can be reached when KOH:C weigh ratio is around 3.5 and

activation is performed at 900 °C.

OARAO RO

Carbon lattice Metallic potassium intercalated Activated carbon
into the carbon lattice

Figure 1.9. Activation mechanism above 700 °C by the penetration of metallic potassium into the lattice
of the carbon, the expansion of the lattice by the intercalated potassium, and the rapid

removal of the intercalate from the carbon matrix [1.62].

The possibility to use other hydroxides as activation agents was also analysed. Spanish
anthracite was activated using both NaOH and KOH hydroxide [1.69]. In the case of activation
with NaOH, physical mixture with weight ratio 3:1 (NaOH: precursor) was heated up to 760
°C under constant flow of N2, CO. or mixtures of them. Depending on the gas flow used, a

significant variation of the resulting porosity was observed. For sample annealed under nitrogen
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flow of 500 ml/min (40 ml/min) the specific surfaces of 2193 m?/g (1588 m?/g) have been
obtained. The activation was totally inefficient in CO2 atmosphere. In fact, NaOH in contact
with CO transforms into Na>COg salt that is stable at 760 °C and remains attached to the carbon
structure. On the contrary, the K>CO3 salt that forms during KOH activation at about 400 °C
significantly decomposes into K>O and volatile CO; in higher temperatures (~800 °C [1.67])

and the porosity of the resulting carbon material is high.

Porosity of closed nanostructures can be also increased by both chemical and thermal
activation. Geng et al. [1.70] describe the mechanism of reversible opening/closing of oxidized
SWCNTSs (synthetized using laser ablation method, etched by sonication in H2.SO4and annealed
in vacuum at 400 °C for 10h) depending on annealing conditions. The HRTEM images (Fig.
1.10) of the sample showed tubes that remained open after annealing. When these structures
were subsequently annealed for 1 h at 800 °C, the SWNTs observed were closed and/or covered
with some disordered structures. The opening of oxidized structures by thermal annealing was
further confirmed by the comparison of ethane adsorption in the sample, before and after
annealing at 800 °C (Fig. 1.10): the ethane uptake in open SWCNTSs is three times higher than
in topped tubes, because of the increase of the surface accessible for adsorption by that of tubes’

interior.
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Figure 1.10. Pressure dependence of the intensities of the broad peaks of the 1H NMR spectra of cut
SWNTSs before and after 800 °C annealing exposed to C,Hgat room temperature [1.70].
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Chemical activation has some intrinsic advantages over physical activation: (i) it is
usually carried out in a single step; (ii) it typically produces higher yields and very high specific
surface areas; and (iii) it is possible to control the resultant microporosity and pore size
distribution. On the other hand, it presents also many disadvantages: (i) the necessity of careful
washing of the resulting material to remove by-products of the activation reactions, (ii) some
of reaction product (salts or oxide) may remain chemically bonded to carbon structure,
obstructing the pore entrance and affecting chemical properties of the activated carbon. Even
though chemical activation has been successfully applied to the production of activated carbons
for many years, the fundamental processes involved in the activation are still not completely
understood, primarily due to the large number of variables involved in the process, including
different activation agents and a large variety of organic precursors.

Although the activation procedures allow to prepare materials with large specific surface,
the hydrogen uptake in activated carbons at ambient conditions is low. Webley and Sun [1.71]
showed that corncobs derived carbons, activated with KOH and exhibiting specific surface
larger than 2500 m?/g, give the hydrogen uptake at 298-303 K ranging from 0.4-0.8 wt.% for
hydrogen pressures between 20 and 120 bar. This result was confirmed by Pfeifer et. al. [1.72].
The activated carbons prepared from polystyrene (PSI)-based ion-exchangeable resins by KOH
activation at 700 °C by Park et.al. [1.73] show the H. uptake of 0.81 wt.% (at 298 K and 100
bar). Chen et al. [1.74] reported that the activated polyaniline-based carbon tube with SSA ~
2415 m?/g and pore volume of ~ 1.55 cm®/g can store 0.62 wt.% of Hzat 293 K and 75 bars.
The adsorption capacity hydrogen of activated carbons was suppressed when significant

amounts acidic groups on the carbon surface was detected [1.75].

These results show that to achieve high storage of hydrogen by physisorption in carbon
materials at ambient temperature, the energy of hydrogen binding to the carbon surface have to
be increased. We describe the already explored possibilities of the surface modification aiming

at the increase of the Ha-surface interaction in the following chapter.

1.2.2. Carbon structures decoration

Incorporating functional groups or dopants into carbon nanostructures changes
materials’ properties. In particular, it may increase the binding energy between hydrogen and

carbon surface, thus enhance hydrogen sorption capacity. For that, a given surface modification
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(doping or substitution) should induce electron deficit at the surface, increase the polarity of

carbon surface resulting in improve molecular hydrogen interaction [1.76].

Structural modification of carbon nanostructures reported in the literature concern
mainly the structures decorated with lightweight heteroatoms such as lithium (or other alkaline
metals), fluorine and boron. According to the first principle calculations (Du et. al [1.77]), up
to 12 hydrogen molecules can adsorb on each graphene fragment decorated with 4 Li atoms.
The energy of hydrogen binding to the decorated surface was estimated to be ~24.3 kJ/mol
(versus 4.5 kJ/mol for pure graphene), and to change proportionally to the Li concentration on
the surface. The corresponding gravimetric storage capacity was close to 12 wt.%. This
theoretical result stimulated many experimental works. Chen et al. [1.78] produced CNT by
catalytic decomposition of CH4, doped them by Li- or K-containing carbonates or nitrates
(solid-state reactions), and show that the H» uptake in such CNTs can reach the value as high
as 20 wt.% (for Li-doped CNT at 653 K), or 14 wt.% (for K-doped CNT, at room temperature).
These values correspond to respectively ~160 kg/L and 112 kg of H2/L of volumetric storage
and suggest that alkali metal-doped carbon nanotubes can operate as hydrogen sorbents at
ambient temperature and moderate pressure. Wang et. al [1.79] doped multi-wall CNTs with
lithium in solution, using a tetrahydrofuran (THF) solvated naphthalene anion radical salt
(Li"CioHg)as a dopant. The mixture was stirred for several days to allow thorough penetration
of Li ions into the CNT network; then THF was allowed to evaporate at room temperature.
Sample with 1.2 wt.% Li content showed a reversible hydrogen storage capacity of 3.9 wt.%.
However, when the Li content was increased, hydrogen storage capacity gradually decreased.
The authors concluded that the excessive carbon surface decoration with Li may lead to a
decrease of the charge isolation, a decrease of specific surface area, a decrease of pore volume,
and, in consequence, reduces hydrogen storage capacity. In fact, many authors [1.79, 1.80,
1.81], underline that ions have tendency to agglomerate or form complexes with other atoms,
and the access of hydrogen molecules to them is limited; it causes the observed decrease the

adsorbed hydrogen amount.

Modification of carbon materials by lightweight heteroatoms is an experimental
challenge due to their poor dispersion in carbon materials. Thus, transition metal decoration has
been suggested as an available way to increase the reversible hydrogen storage at room
temperature by spillover [1.80]. Schematic representation of hydrogen spillover on Pd-
decorated surface is shown on Fig. 1.11. Close to Pd nanoparticle (acting as catalyst) the

hydrogen molecule undergoes dissociative chemisorption. The resulting hydrogen atoms
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migrate on the Pd surface towards graphene, and subsequently diffuse on carbon surface away
from the metal site. The detailed description of the process may be found in theoretical and
experimental works of Parambhath et al. [1.82].
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Figure 1.11. Schematic diagram of the spillover mechanism in Pd/graphene [1.82].

To obtain a uniform distribution of palladium atoms on graphene surface, the authors used a
modified polyol method. The graphene fragments were dispersed in the solution of ethyl glycol
(reducing, stabilizing and dispersing agent) with water. After 12 h of stirring, 1% aqueous
solution of PdCI> was added by droplets, and the preparation has been stirred for another 24 h.
Solution was adjusted to pH = 11 by adding NaOH 2.5 M and filtered. According to X-Ray
diffractograms of the material, the obtained Pd particles were nanostructured (of the size of
~6.6 nm) and occupied ~20 wt.% of the sample surface. Unfortunately, the measured isosteric
heat of adsorption was only of 7 kJ /mol, and hydrogen uptake at 25 °C and hydrogen pressure
of 2 MPa did not exceeded 1.75 wt. % (0.5 wt.% for graphene).

To improve hydrogen adsorption in MWCNT at ambient pressure and temperature,
functionalization with other metals (including Ca, Co, Fe, Ni, and Pd) was carried out by
Reyhani et al. [1.83]. MWCNT were synthetized by chemical vapour deposition using
Fe/Ni/MgO catalyst. Chemical modifications were carried out using Ca, Co, Fe, Ni, and Pd
nitrates dissolved in water. The mixture was stirred for 1 h, then, the ion-adsorbed MWCNTSs
were filtered out from the metal salt solutions and annealed at 200 °C for 24 h. The resulting
material contained MWCNTSs with particular forms of defects, containing oxygen functional
groups. The authors suggested that these defects are necessary to prevents clustering of metals

atoms. Hydrogen storage capacity of both: purified and metal-doped MWCNTSs was then
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evaluated at ambient temperature by volumetric method; it remains low for all samples, except
for Pd-doped MWCNTSs. The hydrogen storage capacity of the metalMWCNTSs were
determined to be 0.3 wt.% (pure MWCNTS), 1.05 wt.% (Ca-MWCNTSs), 1.5 wt.% (Co-
MWCNTS), 0.75 wt.% (Fe- MWCNTS), 0.4 wt.% (Ni-MWCNTS), and 7 wt.% (Pd-MWCNTS)
respectively. The significant difference between gravimetric storage capacity of PA-MWCNTSs
and other doped MWCNTSs is a consequence of chemisorption (via spillover) of H> on Pd-doped
tubes. The difference between storage capacity of Pd—doped tubes prepared by Reyani et.al.
[1.83] and those obtained by Parambhaths’ group [1.82] was attributed to structural differences
and uniformity of Pd distribution on the surfaces of both materials. Furthermore, adsorption of
hydrogen on transition metals may also involve Kubas-type interactions. Kubas interaction is a
‘non-classical’ form of binding where molecular hydrogen creates sigma complex, wherein a
o-bonding electron pair (H:H) binds a ligand to a metal [1.84]. The detailed description of
hydrogen adsorption via Kubas interaction can be found in [1.83 - 1.85]. Here we retain only

that a single metal atom can bind multiple H> molecules via the Kubas interaction.

Carbon functionalization with other metals (Sc, V and Ti) were also studied. Sun et al.
[1.86] analysed clustering of Ti on a Ceo surface and its effect on hydrogen storage. Four
specific sites of Ti distribution on the fullerene surface were considered: (i) the hexagonal sites
(ontop of any of the 20 hexagons), (ii) the pentagonal sites (on top of any of the 12 pentagons),
and the bridge sites corresponding to (iii) any of the 30 carbon double bonds or (iv) any of the
60 single bonds. It was found that the preferred location for Ti atoms is the hexagonal site, with
a binding energy of 2.35 eV. If Ti atoms are uniformly distributed on the fullerene’ surface,
hydrogen molecules may dissociate on the each Ti atom and the gravimetric storage capacity
of 7.5 wt.% can be reached. However, as the structures containing Ti clusters are more stable,

in practice the Ti-decorated Ceo material can adsorb no more than 2.85 wt.% of hydrogen.

Decoration of carbon structures with alkali or transition metals have many shortcuts
from the point of view of potential applications. First, clustering of metal atoms, very common
for both light and transition group of metals, leads to low storage. The light alkali metals are
known to be flammable and it is too dangerous to use them massively in the hydrogen storage
systems, especially when they are in direct contact with gaseous oxygen. Transition metals (like
platinum or palladium) are heavy and expensive, what makes them unsuitable as adsorbent
components that should be commercialized at the large scale at moderated cost. Moreover, the
chemisorption of atomic hydrogen initiated by the spillover of hydrogen molecules on metal

particles is hardly reversible.
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1.2.3. Hybrid carbon nanostructures

Nowadays, computer simulations can significantly accelerate the process of
development of new materials, by rapid screening for desired properties of potential new
structures, before they are physically prepared in the material research laboratories. Over the
past few years, a considerable numerical effort allowed first to conceive, then to fabricate hybrid
carbon materials for different optical, electronic or storage applications.

Most of the numerical projects focused on the possibility of introduction of molecular
separators between graphene sheets to increase the interlayer distance and the volume
accessible for adsorption. Dimitrakakis et al. [1.87] proposed an all carbon 3-D nanostructure
consisting in parallel graphene layers located at a variable distance and stabilized by CNTSs
pillars, perpendicular to the graphene planes (Fig. 1.12a). Unfortunately, Grand Canonical
Monte Carlo (GCMC) simulations of hydrogen adsorption in such structure gave the
gravimetric and volumetric hydrogen uptakes very similar (and low) to those of simple CNTs
or graphene materials: 1.5 wt.% and 6 g/L respectively (at 300K and 100 bar of hydrogen
pressure). The storage capacity was improved when the structure was decorated with lithium
cations (Fig. 1.12b). Li ions were placed above the centres of the carbon rings next to CNT. In
such material the average hydrogen binding energy per H2 per ring increased to be around 3.5
kcal/mol (14.6 kJ/mol). The gravimetric adsorption was enhanced by 76% at ambient, and by
88% at cryogenic temperature (T = 77K). Additionally, the volumetric adsorption also

increased, by 30% and 38%, respectively.

A very similar structure was proposed by Wu et al. [1.88]; it is called periodic graphene
nanobuds (PGNBs). The material consists in graphene monolayers separated by Ceo fullerenes
covalently attached to graphene via the cycloaddition reaction (Fig. 1.13). The structure is
periodic, with the interlayer distance of 12.5 A. The structure is stabilized by the same van der
Waals interactions as in graphite. The estimated surface area of this porous network is ~2346
m?/g, (close to that of graphene sheet), which makes the structure potentially suitable for
hydrogen storage. Similar structures of sandwiched graphene-fullerene composites were
studied by Ozturk et al. [1.89]. When doped by lithium, they may theoretically store up to 5 wt.
% of hydrogen at 77 K and 1 bar.

20



Figure 1.12. Simulation snapshots of (a) 3-D network nanostructure and (b) 3-D network lithium doped
nanostructure; Hydrogen molecules are represented in green while lithium atoms are in
purple. [1.87].

Figure 1.13. Periodic graphene nanobuds (PGNBs) model [1.88].

It has been shown experimentally that fullerenes or endohedral metalofullerenes such
as Gd@Cs> (Gd encapsulated inside Cg2, GAMF) can be inserted into single-wall nanotubes
(SWNTSs), and form carbon nanopeapod structures [1.90 - 1.92]. Fig. 1.14 shows HRTEM
image of such structures. Ceo are maintained separated from each other and from walls of
nanotube by Van der Waals forces. It has been suggested that such structures may be applied
in one-dimensional electronic devices or quantum computers. The analysis of influence of Gd
and other metals encapsulated in fullerenes on the binding hydrogen on the nanotube surface

has not been performed yet.
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Figure 1.14. A single-walled carbon nanotube containing a row of closed carbon shells concentric with
the tubule axis. The diameter and centre-to-centre spacing of the internal shells are
consistent with a chain of Ceo molecules. The nanotube is surrounded by a vacuum. Scale

bar, 2.0 nanometres [1.90].

1.2.4. Conclusion

The existing pure carbon materials show relatively low energy of hydrogen binding to
their surfaces, of the order of 4-6 kJ/mol. Higher binding energy can be obtained in nanoporous
carbons, when the cumulative effect of interaction with confining walls is observed, or by
adequate doping of carbon network by alkali or transition metals. However, these structures
usually show low specific surface area and small microporous volume. This leads to small
storage capacities of such materials, far from the applications’ requirements. Simultaneous
increase of material specific surface and micropore volume is a key issue for enhancing H:
storage capacity. Although each of the parameters can be optimized separately, until now an
efficient hydrogen adsorbent that could be produced at the large scale and efficiently operate at
ambient temperature and moderate pressure has been not synthetized. The question “Is it
possible to theoretically predict and experimentally synthetize carbon based nanoporous

structure that would fulfil the applicative requirements defined by US DOE?” remains open.

1.2.5. Hydrogen storage in nanoporous carbons: is it possible?

Despite more than 20 years of research, no material yet possesses the adsorbing
properties required for adequate hydrogen storage. All potential porous structures that were
considered as hydrogen sorbents are far from optimal in any perspective for mobile
applications. It is well established today that it will be difficult to reach the high H» storage in
conventional high surface area adsorbents, because of their low average adsorption energy,

heterogeneity of surfaces, poor volumetric packing or structural instability.
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In the category of carbon-based sorbents of H», substitution with boron has been
promoted as the most promising. Early theoretical calculations suggested a non-dissociative
adsorption of H> on B and Be-doped fullerenes. The coupling between an empty, localized p,
orbital of the dopant and the H> orbital was shown to be essential for the enhanced H>-sorbent
interaction. According to Zhao et. Al [1.54], B-doping increases Hz binding energy to 15-35
kJ/mol, making B-doped carbon an outstanding candidate for high capacity H. storage. Grand
Canonical Monte Carlo simulations based on ab initio interaction model report an enhanced H>
uptake in graphene slit pores with walls containing boron atoms [1.93,1.94]. The high capacity
is not related to any particular crystallographic structure but depends only on B:C substitution
ratio; 10 % substitution is necessary to rise the average binding energy to 10 kJ/mol, and to
approach both gravimetric and volumetric directives of DOE for 2020 (Fig. 1.15). Further
increase of this limit could be achieved with a higher substitution ratio or in structures showing

higher specific surfaces.
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Figure 1.15. Gravimetric (left axis) and volumetric (right axis) adsorption of H; in B-substituted
graphene slit pores of width d = 1.2 nm and the surface of 2600 m?g, as a function of
pressure and the B:C substitution ratio, for T = 77 K and 298 K. For B:C = 10%, the
system reaches the 2020 targets [1.94].

Obviously, experimental confirmation of the calculations is needed for validation of
theoretical analysis. For that, substituted porous carbons have to be synthesized. First boron-
carbon structures (BCn) were already synthesized almost 30 years ago by the chemical reaction
of benzene and boron trichloride at 800 °C [1.95]. However, the reaction product was s not
porous. On the other hand, solid-solution techniques to prepare BC, compounds require heat

treatment at temperatures close to carbon graphitization and lead to a relatively low substitution
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ratio [1.96-1.98]. For example, B-substituted graphene has been prepared by annealing highly
oriented pyrolitic graphite (HOPG) in the presence of boron carbide BC4 at T~2500 °C [1.99].
A carbonization of B-containing polymeric precursors has been also developed. The
synthetized materials show high boron content (7.2 %) and enhanced binding energy (~11
kJ/mol), twice as much as the pure carbon; however, material specific area is relatively small
(780 m?/g). The chemical vapor deposition (CVD) is being frequently used, as it operates at
lower temperatures (700-900 °C) and leads to higher boron uptake [1.100, 1.101]. Usually,
CeHs or C2H. and BCls are used as BCn precursors. Due to interlayer intercalation of boron
precursor at high boron concentrations, this method leads to non-porous thin films of poor

crystallinity.

Another way to produce substituted nanoporous carbons consists in building them
around appropriate templates using CVD [1.102]. Two procedures have been described in the
literature: carbonization of hydroborane formed during the polymerization of divinyl benzene
and BHz in alumina matrix [1.103] and carbonization of acetylene in the presence of borane gas
in NaY zeolite [1.104]. The presence of B-C bonds was confirmed by !B MAS solid state

NMR; however, B-content and effective sample porosities have been not determined.

Recently, it has been demonstrated that arc discharge between graphite electrodes, a
technique used to prepare macroscopic quantities of fullerenes and carbon nanotubes, can be
also optimized to synthesize graphene fragments composed of two to three layers [1.105]. The
method makes use of the fact that in the presence of hydrogen in the discharge apparatus
graphene sheets do not roll to form cage-like structures [1.105]. Boron-contained electrodes or
B2He-containing discharge atmosphere has been used to prepare boron-doped graphene
fragments of the lateral size of 20 to 60 nm. The presence of substitutional boron in the sp?
carbon structure has been confirmed by using electron energy loss spectroscopy (EELS), atomic
force microscope (AFM) and Raman characterization methods. Similarly, nitrogen atoms have
been successfully introduced to graphene sheets by arc discharge in the presence of pyridine or
ammonia [1.106]. Although the resulting substitution ratio was not high (up to 3% for boron
substitution and 1.4% for nitrogen), these preliminary results are promising as the arc discharge
procedure could be easily optimized. The additional advantage of arc discharge technique is its

ability to produce graphene fragments of nanometric size.

Fragmentation of the infinite pore walls into small patches creates an additional
adsorption surface, at the patches’ edges and can substantially increases hydrogen gravimetric

storage capacity, by a factor of two [1.37]. The contribution of adsorption on the fragment edges
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to the total amount stored is independent on the fragment shape and increases when the
fragment lateral size decreases. However, simultaneously, the energy of adsorption at the edges
rapidly decreases with the fragment size. Therefore, the final hydrogen uptake in pores of final
lateral dimensions will result from a competition between two factors: larger adsorption surface
introduced by the pore edges and lower average adsorption energy and heterogeneity (structural

and energetic) of the system.

According to the mentioned results, it can be suggested that nanoporous carbons built
up from interconnected fragments of graphene can show high hydrogen storage, if the fragment
size and system topology can be optimized. Nanoporous carbons for hydrogen storage should:
(1) have open geometry with considerable contribution of edge surface of the building units
(fragments of graphene sheets); (ii) size of fragments wisely optimized; not too small because
it leads to low energy of adsorption and decreasing uptake, and not too large to still take the
advantage of an important contribution from the fragments edges; (iii) the density of the

structures cannot be too low because of the volumetric storage capacity requirements.

The work presented in the following chapters constitutes a new contribution to the
research of such material. The main goal of the project is to synthetize a new class of carbon-
based, porous, high surface structures, which could extend the current limits of hydrogen
storage by physisorption at room temperature. The ultimate goal is to reach hydrogen storage
capacity approaching DOE targets and allowing practical application of the material as

hydrogen adsorbent in the transportation sector.
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CHAPTER 2

Physical synthesis of nanoporous carbons by electric arc discharge technique
and description of characterization methods

The first observation of an electric arc between two well-burned charcoal electrodes was
made by Sir Humphry Davy in 1800 [2.1]. Today this method is successfully used to synthesise
a large variety of carbon nanostructures like fullerenes [2.3, 2.4], nanotubes [2.2, 2.3], graphene
flakes [2.5] or carbon nanostructures substituted by other atoms [2.6].

2.1. Electric arc discharge reactor

We have used the original reactor built in the laboratory in 1991 to synthetize fullerenes
Ceo and C7o [2.4]. It consists in cylindrical chamber, closed on both sides by two steel discs
(Fig. 2.1). The atmosphere and the pressure inside the reactor can be controlled through two
apertures, allowing the connection of a pump and the bottle of an inert gas (usually argon or
helium). The reactor construction requires that the pressure inside it during the synthesis does
not exceed ambient pressure. A second double wall cylinder, concentric with the reactor walls
and cooled by a water circuit, allows a cooling down and condensation of carbon plasma created
by arc discharge. Two water cooled copper electrodes are placed on the discs closing the
reactor. Their dimensions were set to produce an electric arc in the reactor center. The position
of the cathode is fixed. This electrode does not consume during the discharge, but a hard deposit
grows onto it. The anode progressively evaporates during the synthesis. It is connected to a
manually-operated translation mechanism that pushes it towards cathode, to keep the
appropriate distance between the electrodes and maintain the arc discharge. A glass window
built into the reactor door enables the observation of the reactor interior during the initial stages
of the reaction: as the sublimation progresses, the carbon soot deposits on the reactor walls and

obstructs the window.

The cooper electrodes are prepared to hold graphite rods of 6 mm of diameter. To

prepare all samples we have used graphite of 99.99% purity.
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Figure 2.1. The electric arc discharge reactor for synthesis of carbon nanostructures: a) general view of
the reactor; b) schematic representation of the reactor cross-section.

2.2. Introduction of heteroatoms into carbon nanostructures

If a part of the graphite electrode is replaced by another material, the plasma created by
the electric discharge will contain heteroatoms. We can expect that during condensation of such
heterogeneous plasma the heteroatoms will be incorporated into carbon nanostructures. This
idea is the basis of our project to prepare heterogeneous nanostructure for efficient storage of

hydrogen.

To replace a part of graphite electrode by another material, a cylindrical hole of 3.5 mm
of diameter and of the depth of 35 mm was first drilled along the graphite rod axis (Fig. 2.2).

The hole was than filled with a powder of the desired material.

35 i

g6

120 mm — -

Figure 2.2. Graphite rod prepared to serve as anode containing a powder of non-carbon material to

synthetize substituted nanoporous carbons.

Our goal consists in preparing two types of samples: pure nanoporous carbons with high
specific surface area and the nanoporous carbons containing various amount of boron atoms
incorporated into graphite structure. We prepared the mix of carbon and boron powders to fill
the hole in the following (C:B)volume proportions: (1:0), (0.75:0.25), (0.5:0.5), (0.25:0.75) and

(0:1). The electrodes filled only with carbon powder were prepared to obtain pure carbon

34



samples; those filled only with boron powder (100% of filling) were used to obtain samples
with the highest boron concentration. The final boron concentration in the samples was
estimated assuming that only anode has sublimated during the synthesis. The mass densities d
of carbon and boron used to prepare stoichiometric B:C mixtures were dc = 1,67 m%g and ds =
1,47 m®/g, respectively. The boron concentration after synthesis was estimated according to the

formula:

m,.,, —m
B(%) = —2— .100%
Mpy — Myest
where my, is a mass of the rod before filling, mra is a mass of the rod after filling and Mrest is a
mass of not sublimated anode, weighted after synthesis. The final values of estimated boron
concentrations in prepared samples are given in Table 2.1.

Table 2.1. Estimated boron content in powder filling the electrode and resulting boron concentration in
prepared samples.

SAMPLE Filling concentration of B Sample concentration of B
1B 100% 23.3%
2B 75% 19.9%
3B 50% 11.3%
4B 25% 5.3%

2.3. Experimental procedure

Before each synthesis the reactor’s interior was cleaned with ethanol and the graphite-
based rods were installed inside the copper electrodes. The reactor was closed and evacuated
until 0.1 mbar, then filled with the inert gas up to 1 atm. The pumping/filling procedure was

repeated few times to evacuate all traces of undesirable gases inside the reactor.

The sublimation of graphite in the electric arc can be carried out under dynamic or static
atmosphere. Dynamic process involves a constant pumping during the arc discharge and
simultaneous refilling of the reactor with the inert gas, to maintain constant pressure inside the
reactor. The static procedure consists in filling the purged reactor with the inert gas up to desired
pressure and isolating the system. The pressure inside the reactor is monitored; when it is stable,

the cooling system is switched on, and the arc discharge can be started.
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We have used a standard voltage generator (TransTig 2200 G/F Générateur Inverter
TIG DC) to power the arc discharge. Its negative clamp was connected to the cathode and the
mass and positive clamp - to the anode. The current/voltage parameters of generator were set
to 100 A and 50 V, respectively. The anode was then moved to a distance of ~ 3 mm from the
cathode to initiate the arc discharge. When the arc discharge between electrodes appeared, the
difference of potential between electrodes dropped to 30 V; the intensity of dc current remained
almost constant, ~100 A. These conditions were maintained during the whole synthesis.

The sublimation of the anode in the arc causes the increase of its distance from the
cathode. Therefore, to maintain the discharge at the current/voltage parameters given above,
the anode was manually moved towards the cathode during the synthesis. The synthesis stopped
when there was no more possibility to approach the anode.; it corresponds to a sublimation of
~ 7 cm of graphite rod.

The resulting carbon sample was then collected, respecting the place of its deposition:
on the reactor walls - (we call these samples ‘soot’), on the top of the cathode (we call them

‘deposit”), and around the cathode (we call them ‘collar’) (Fig. 2.3).

a)

Figure 2.3. a) The reactor during the synthesis: the white light of the discharge is coming out through
the glass window in the reactor door; b) the reactor open after the synthesis: the cathode
with a deposit is located in the center of the inner cylinder, the webs of soot cover the whole

reactor’s interior.

The samples synthetized by electric arc discharge technique were characterized using a
variety of microscopic and spectroscopic techniques, to obtain information about their
morphology, surface topography, and atomic composition. In the following paragraphs we
provide a short description of these methods. The obtained results will be described and

analysed in chapters 3 and 4.

36



2.4. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) uses a beam of high energy electrons (with the
energy ranging from 0.2 to 40 keV) as a probing tool [2.8]. This electron beam, focused on a
sample surface as a spot of about 0.4 nm to 5 nm of diameter, penetrates into the sample at the
distance of ~ 100 nm to 5 um [2.7]. The interaction with the sample leads to a loss of beam
energy, mainly by random scattering and absorption. The secondary electrons emitted by the
atoms excited by the beam are captured by detectors and used to create sample images. The
high-resolution images produced by SEM can reveal the details of sample surface, smaller than

1 nm in diameter.

Samples analysed by SEM should be electrically conductive to prevent the
accumulation of electrostatic charge and avoid the scanning faults and artefacts in imaging.
Materials with insulating properties are usually coated with thin layer of metal or conductive
polymer. As our samples consist in graphitized carbon fragments that are conductive, no pre-

coating of sample surface was necessary prior to images collection [2.9].

2.5. High Resolution Transmission Electron Microscopy (HRTEM)

High Resolution Transmission Electron Microscopy (HRTEM) uses electron beam of
lower energy than SEM (from 0.1 eV to 3 eV). In HRTEM the beam of electrons is transmitted
through a thin sample, interacting with the positive cores of samples atoms, and being diffracted
by the atoms’ crystallographic planes. Both transmitted and diffracted components of electron
waves in outgoing signal interfere to form an image. The resolution obtained using HRTEM
can reach 0.5 A [2.10]. At this scale, individual atoms of a sample can be distinguished.
Therefore, HRTEM technique is useful for crystallographic sample characterization, and
detection of crystals defects (dislocations, vacancies etc.). At lower magnifications the TEM
image contrast results from variation of electrons’ absorption by fragments of sample having
locally different chemical composition or different thickness. For high magnifications, to avoid
an excessive absorption of the beam, usually the sample is prepared in a form of an ultrathin
film (less than 100 nm), or as diluted solution deposed on the conducting grid. In our case prior
to measurements the carbon-based powder samples were first dispersed in a small amount of
methanol, suspended on HOPG supports and positioned inside the FEI Titan 80-300 Cs

microscope.
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2.6. Electron Energy Loss Spectroscopy (EELS)

In Electron Energy Loss Spectroscopy (EELS) the sample is exposed to a beam of
electrons with known and very narrow range of kinetic energies. Passing through the sample,
the electrons lose their energy in inelastic processes (phonons and plasmon excitations, inter-
and intra-band transitions, ionization of atoms’ inner shell, and Cherenkov radiation). The loss
of electrons’ energy is usually detected by the electron spectrometer of HRTEM microscope.
The spectrum consists in electron counts in function of electron energy loss (given in eV). This
information allows one to determine the amount and the type of atoms being struck by the
electron beam, thus, to determine chemical composition of the sample [2.11]. As our samples
contain nominally the carbon and boron atoms only, we used the beam of electrons having the
kinetic energy from the range of 100 — 300 eV: the carbon and boron signals should appear
around 285 eV and 200 eV, respectively.

2.7. X-Ray Diffraction (XRD) and powder X-Ray Diffraction (PXRD)

X-Ray Diffraction (XRD) is used to analyze fully (or at least partially) crystallized
materials. The measurements consist in irradiation of the sample with monochromatic X-rays
(their wavelength A is comparable to the distance d between crystallographic planes, from 1 to
100 A) and recording of waves scattered by sample atoms. The constructive interference of

output waves occurs in specific directions determined by Bragg’s law [2.12]:
2dsin® = na

where © is an incident angle of the beam. These interferences form sample diffraction pattern.
In the case of powdered samples, when every crystalline orientations of powder grains with
respect to the incident X-ray beam is possible, the Debye-Sherrer powder XRD diffraction
method (PXRD) should be used to collect the diffraction pattern. The method consists in
rotation of the sample during its exposure to X- ray radiation, to average out the effect of
random distribution of crystallites. Scattered radiation (Debye-Sherrer cones, Fig. 2.4) is
collected on a detector plate in form of smooth diffraction rings surrounding the spot of incident
radiation beam [2.12].

We used this technique to study the powdered samples prepared in the present work.
The samples were loaded inside the 0.7 mm capillary and exposed to X-rays during 720 s (step-
time 3.5°/min). We used a diffractometer with copper rode as a source of X-ray radiation (4 =

1.5418A, beam size of 0.5 mm?). The configuration of image plate detector (Mar345) allowed
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the observation of diffraction rings up to 20 = 65°, with the resolution of ~ 0.3°. The maximum
20 value is limited by both: the detector size, and the minimum possible distance between
sample and detector. The observed diffractograms were compared with the database included
in the equipment software.

d1 diffracted
cone

d:diffracted

e,
incident N 020 ohe .
beam o850 -
> &
- o

Debye-Scherrer
rings

Figure 2.4. Debye Sherrer powder diffraction method [2.13].

2.8. Energy Dispersive X-ray Spectroscopy (EDS)

EDS microanalysis technique is used for elemental analysis (volumetric and areal) of
atomic composition of materials. The sample is exposed to an incident beam of high energy
electrons that, passing through the sample, excite the electrons from the outer shell of the atom,
eject them and create the holes in the atoms’ electronic shells. These holes can be filled by the
electrons from higher-energy shell of the same atom. During this process the electron’s energy
excess is released the in form of X-ray radiation. Its energy and intensity are measured by
energy-dispersive spectrometer. As radiation energy is characteristic for each element, its
analysis allows the determination of sample atomic composition [2.14]. Theoretically, this
technique can detect all elements with atomic number Z higher than 3. The results of analysis
are presented in form of spectrum giving radiation intensity in a function of radiation energy.
Since EDS is a part of the microscope, the atomic composition of a chosen sample fragment

can be obtained in form of colour map, each colour corresponding to different element.
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2.9. BC and *B MAS Nuclear Magnetic Resonance spectroscopy (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy can be used to study any sample
containing nuclei with magnetic momentum (non-zero spin). This condition is fulfilled in
isotopes that have different numbers of neutrons and protons; it is also the case of *C and 1'B
isotopes. In the external static magnetic field (usually from 1 to 21 Tesla) the magnetic
moments orient along the field direction. The detection of the NMR signal consists in
reorientation of the sample magnetization by the radiofrequency (60-1000 MHz) pulse and
observation of (i) the frequency of the signal emitted by the excited sample, and (ii) the time of
the magnetization return to the initial value and orientation. The shift between the frequency of
the impact signal (resonance frequency for a given nucleus) and the signal emitted by the
sample is called the chemical shift ¢. It is a small relative value, established with respect to the

signal of reference material (different for each nuclei), and is expressed in ppm [2.15].

As the frequency and the intensity of the emitted signal depends on the nature and the
local environment of a given nuclei, the value of chemical shifts and the intensity of the NMR
resonances provide information about the intramolecular electronic structure of the material.
Therefore, this technique is widely used by chemists, to determine chemical composition of the
samples and to identify the reactions’ products and yields. In organic chemistry, the liquid state
NMR is mostly used, as all direction-dependent components of interaction between nuclear

spins are averaged out because of the rapid, isotropic reorientations of molecules [2.16].

When the molecular motion is slow, in viscous fluids, gels, and solid samples
(crystalline or not), the anisotropy of intramolecular interactions (J-coupling, dipolar,
quadrupolar etc.) and of the internal magnetic field (causing the anisotropy of chemical shift)
lead to significant broadening of the NMR resonances. In such cases, to detect sample NMR
signal, Magic Angle Spinning (MAS) procedure has to be used. It consists in fast spinning of
the sample around the axis forming an angle of 54.74° (‘magic angle’) with respect to direction
of external magnetic field, to average all angle-dependent components of intermolecular

interactions and increase the resolution of NMR spectrum [2.12].

In conducting samples, the position of NMR resonance results not only from the non-
zero spin density of electrons localized at the atomic orbitals (and responsible for chemical
shift), but also from the density of delocalized (conduction) electrons, inducing an additional
paramagnetic shift (so called Knight shift) of resonances [2.17]. In organic conductors (as our

samples) the density of the = electrons that are responsible for electric conduction is zero at the
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atomic nuclei. In such cases the interpretation of NMR spectra is difficult. The Knight shift, if
it exists, is an indirect effect, resulting from polarization of inner electronic orbitals of atoms

by the electrons localized on neighbouring atoms.

In the present work both: the $3C and B high resolution (HR) MAS NMR experiments
were carried out using solid state Bruker Avance I11HD-400 MHz NMR spectrometer, operating
at 9.4 T. The carbon (or carbon-boron) powders were loaded inside a cylindrical ZrO: tube
(rotor), 4 mm in diameter, 2.5 cm of length, capped with a Kel-F turbine-like cap. To ensure
high resolution, the samples were rotated at the MAS frequency of 10 kHz. In these conditions
the resonance frequencies for *C and B nuclei are 101.6 MHz and 128.4 MHz, respectively.
The 3C chemical shifts were referenced to tetramethylsilane (TMS) and calibrated with glycine
carbonyl signal (set at 176.03 ppm). The B chemical shifts were referenced to HsBO3; 0.1 M
solution, which resonance was set to 0 ppm. The spectra were analyzed using Bruker TopSpin

software.

2.10. Characterization of porous structure using gas adsorption measurements

The adsorption is an isothermal process where fluid (gas or liquid) called adsorptive,
interacts with surface of solid or liquid (adsorbent). The process is a consequence of the

differences between surface and adsorbent energies.

Two types of adsorption can be distinguished: chemisorption and physisorption. In the
chemisorption, chemical bond is formed between adsorbent and adsorptive. The adsorption
energy depends on chemical nature of both components, and ranges from 30 to 70 kJ/mol for
molecules’ adsorption, and from 100 to 400 kJ/mol for atoms. Chemisorption causes structural
modifications of interacting species. The process is irreversible without external energy input
(f.ex. in a form of thermal treatment [2.23]). In physisorption, weak van der Waals forces,
resulting from fluctuating polarizations, are responsible for interactions between adsorbent and
adsorbate. The physical sorption involves lower adsorption energies (up to 40 kJ/mol [2.24]),
therefore it is reversible, contrary to chemisorption. As in most of materials the process occurs
without any structural changes of the adsorbent, the measurements of adsorption allow to
recover information about sample morphology: its specific surface area and distribution of pore

sizes (if the adsorbent is porous).
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2.10.1. Theoretical background

The relation between adsorbent surface and adsorbed layer is presented on Fig. 2.5. The
local concentration (¢ = dn/dV) of adsorbed phase is assumed to decrease with increasing
distance (z) from the surface until bulk fluid phase concentration c' is reached at certain distance
(r), where the fluid is no more interacting with adsorbing surface. The region between surface
and bulk phase delimits an adsorbed layer; the adsorbed amount is defined as n?.

A adsorbed S |
o |solid "\ phase . fluid = solid |
C‘ . I .C_)
= " : & Surface excess
= | = amount, n°
5] I o
e | S
S ! O
|
f \ | \
C e — — S e — — e ———
Amount Bulk fluid Referen(_:e
ddsorbed, n | - bulk fluid
0 Distance,? 0 Distance, z’
() T ) 0o i
00(:’: o o 82 s o
a) Qo0 © e ) 0e®: @ o

Figure 2.5. Schematic representation of adsorption phenomenon by a) layer model and b) the

Gibbs representation.

According to layer model, the adsorbed amount (red area, Fig. 2.5a) can be calculated from

the formula:
nt=A[ cdz (Eq. 2.1)

where A is the surface area of adsorbent on which adsorption can occur. The amount adsorbed

is referred to total amount adsorbed (n):
n=n—-c/ v/ (Eq. 2.2)

where V' is the volume occupied by bulk fluid phase when adsorption equilibrium is reached.

The product of ¢/ - V/ represents the amount of fluid which is not adsorbed — bulk fluid region.
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In practice, the concentration profile or volume of the bulk fluid V' are difficult to
estimate. To overcome this problem, Gibbs proposed a slightly different representation of
adsorption (Fig. 2.5b). Gibbs concept introduces excess amount adsorbed (or surface excess
amount) n’, defined as a difference between total amount of the adsorptive in the volume V*°
and the amount of bulk fluid which would be present in this volume in the absence of adsorbent.
The n? can be thus calculated from the equation:

n’=n—cf -y (Eq. 2.3)

The reference volume V" contains the volume of adsorbed phase V2 and the volume of
remaining bulk fluid V"

yro=ye4yf (Eq. 2.4)
Excess amount adsorbed is then expressed as a function:
n’=n—-c-ve-cf-v/ (Eq. 2.5)
The relation between amount adsorbed and the excess amount is derived as follows:
n*=n’+c¢/ -V (Eq. 2.6)

Usually, the excess amount is measured in the adsorption experiments. The volume of
reference system can be determined from total free volume of the measurement cell and the
volume of the adsorbent, or from inert gas adsorption experiment. For that, helium is the most

frequently used, as it is considered as a non-adsorbing gas.

When the adsorption experiment is carried out at low pressures, the values of adsorbed

amount n? and excess amount n” are comparable, and the term ¢/ - V¢ is negligible.

In the case of porous materials, the adsorbed volume V2, is considered as a total porous
volume VP; the amount of liquid adsorbed on the external surface of the adsorbent is assumed
negligible with comparison to the one adsorbed in pores. The adsorbed amount is expressed in
mols per gram unit of adsorbent, for each equilibrium pressure. Such representation of the gas-

solid equilibrium in constant temperature is called adsorption/desorption isotherm:

ntf s =f®r (Eq. 2.7)
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where ms is the mass of adsorbent; the pressure is usually expressed as a fraction of fluid

saturation pressure p°.

2.10.2. Classification of gas physisorption isotherms

The analysis of adsorption isotherm allows to retrieve valuable information about the
adsorptive (f.ex. its specific surface area or distribution of pore sizes). For porous materials the
adequate choice of testing fluid (that can access all sample pores) influences the quality of this
information. For microporous solids (with pore sizes smaller than 2 nm) the probing gases of
small effective diameter (helium, argon, nitrogen, carbon dioxide) should be used. For
characterization of mesoporous and macroporous solids (pore sizes of 2-50 nm and larger than
50 nm, respectively), nitrogen, argon, carbon monoxide and methane can be used [2.18].

International Union of Pure and Applied Chemistry (IUPAC) proposed classification of
adsorption isotherms into six main types (Fig. 2.6).

The type | isotherms are reversible. They are characterized by sharp rise at low relative
pressures followed by the nearly horizontal plateau extending over a wide range of pressures.
Such characteristics indicate that the distribution of pore sizes in the material is narrow. Type
la isotherm is characteristic to materials with narrow micropores, whereas Type 1(b) isotherm
indicates the presence of wider micropores [2.18].

The type Il isotherm has concave shape for low relative pressures and becomes convex
close to saturation pressure. This isotherm is characteristic for non-porous or microporous
adsorbents. When the equilibrium pressure equals the saturation vapour pressure, the adsorbed
layer becomes a bulk liquid or solid [2.18]. Type Ila isotherm is reversible, the isotherm type
I1b is not; the narrow hysteresis loop is a result of inter-particular capillary condensation.

The isotherm type 111 is convex at all relative pressures and characterizes macro- or non-
porous solids [2.18].

The type IV isotherm is similar to type Il isotherm at low pressures. Type 1Va isotherm
is more commonly observed than type IVb isotherm. The presence of hysteresis between
adsorption and desorption branch is a result of filling/emptying of mesopores by capillary
condensation. Type IVb isotherm is reversible and has been observed for example for
mesoporous silicas like MCM-41 [2.18].

The type V isotherm is convex at low pressures. It is characteristic for micro- and
mesoporous solids with weak adsorbent-adsorbate interactions. It usually exhibits an

adsorption/desorption hysteresis loop [2.18].
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The type VI isotherm is associated with layer-by-layer adsorption on a highly uniform
surface. They are frequently observed in graphitised carbon. The shape and length of the steps
depends on the system geometry and the temperature [2.18].

la b lla

m IVb

Specific amount adsorbed n

\" Vi

Classification of vapour
physisorption isotherms
l / with addition of types
I b, Il band IV b to the
six types proposed by
IUPAC in 1985

Relative pressure p/p° ey

Figure 2.6. Classification of vapour adsorption isotherms combining proposals from IUPAC
[2.18].

2.10.3. Brunauer-Emmett-Teller (BET) method

The surface area and adsorption capacity of porous powders can be calculated from
adsorption isotherms using BET procedure. The theoretical background of the method was set
by Brunauer, Emmett and Teller who described multilayer adsorption of the single fluid

adsorbate in the solid adsorbent by following equation:

p/p°  _ 1, c1 (ﬂ) (Eq. 2.8)

n(1-p/p°) n&C  n&c \p°
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where n is the amount of gas adsorbed at the relative pressure p/p® and n%, is the monolayer
capacity (the quantity of fluid that can be adsorbed in the first (contact) layer). Parameter C in
BET theory is a coefficient related to energy of the adsorption of fluid molecules in the contact
layer. It depends on chemical nature of both adsorbent and adsorbate, and on temperature [2.18].

If the BET relation is plotted in the restricted range of pressures (generally 0.05 < p/p°
< 0.35), the capacity and the volume of the monolayer (Vm and n%,, respectively), and C

constant can be calculated from the slope s and y-intercept i of the curve:

né =— (Eq. 2.9)
and

c=3+1 (Eq. 2.10)

Using the value of n&, or Vi calculated from (Eq. 2.9), the specific surface area (SSA, in m?/g)
can be obtained from the formula
SSA=n, N, o (Eqg. 2.11)

where Na is the Avogadro number, and o is a surface of molecule/atom of fluid. To characterize
microporous materials, usually the measurements of nitrogen adsorption at 77 K are carried out.

The surface o of nitrogen molecule is equal 0,162 - 10718 nm?,

2.10.4. Barrett-Joyner-Halenda (BJH) method

BJH method is based on the concept of capillary condensation and evaporation.
Capillary condensation consists in gas condensation at pressure lower then saturation vapour
pressure p°. It begins by the formations of a meniscus of fluid close to the pore wall. The relative
pressure at which condensation takes place depends on pore diameter. The relation between

these two parameters is provided by Kelvin equation:

TR =——F7——— (Eq. 2.12)
R-T-ln(p/p0>

where rk is a Kelvin radius of the pore where condensation occurs, y is the surface tension, Vu

is the molar volume of liquid adsorptive, R is the ideal gas constant, T is the temperature of the

boiling point of adsorptive (for N, T=77 K) and p/p° is the relative pressure. The relation

between Kelvin radius (rk) and pore radius (rp)
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where t is the thickness of the adsorbed layer, is illustrated on Fig (2.7).
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Figure 2.7. Relation between the Kelvin radius rk and the pore radius rp in a cylindrical

mesopore [2.18].

2.10.5. de Boer method (t-plot)

External sample surface and micropore volume are usually evaluated using de Boer
method, commonly called t-plot method. It assumes the model adsorption isotherm of probing
gas (nitrogen) on a flat surface S. By assuming that the gas average density is equal to bulk
liquid density po, the number of adsorbed molecules (Nags’(P)) can be converted into the average
thickness of the film adsorbed on the surface: t(P) = Naas’(P)/poS. The function t(P) is called a
t-curve [2.18, 2.19]. The t-plot is obtained by plotting (for each pressure) the adsorbed amount
Nads(P) as a function of t(P). The linear regime of the t-curve is considered as corresponding to
the adsorption on flat surface: the slope of the line gives then the value of adsorption area in
that pressure regime. In the case of microporous solids, none of the linear regimes are getting
through the origin of the t-plot, and the intercept of the linear fit in the low-pressure range is
usually taken as the microporous volume of the solid [2.19].

For carbon samples the distribution of pore sizes is usually calculated using Horvath-
Kawazoe (HK) model of nitrogen adsorption in microporous solids. HK method was originally
conceived for determination of pores sizes in graphitic materials. The method assumes slit-like
shape of pores and compares the relative pressure required for the filling pores of a given size
and shape with the experimental isotherm (supposed to result from combination of adsorption
in individual slits) [2.18]. The methods of determination of distribution of sizes of cylindrical

and spherical pores are also described in the literature [2.20, 2.21].
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2.10.6. Experimental setup description

Porosity measurements were carried out using ASAP 2010 Micromeritics apparatus
(Fig. 2.8) with 5% of accuracy. The analyzer was equipped in two independent vacuum systems
— one for sample degassing, and the other for sample analysis with saturation pressure tube.
Two cold trap tubes are located inside the cold trap Dewar between the vacuum pomp and the
manifold in both systems.

For each measurement 50 to 100 mg of the sample was placed inside the glass bulb cell
with a filler glass rod (to reduce the free-space volume) and closed by seal frit (Fig. 2.9). The
cell was first placed in the degassing circuit and evacuated to the pressure of 1 mbar. Then the
sample was heated to 250 "C and degassed during ~ 12 h, until the pressure of ~ 0.01 mbar has
been reached. A heating mantle has been used to maintain the temperature constant during
thermal treatment. Then the cell was cooled down to the ambient temperature with the probing
gas (nitrogen) and atmospheric pressure. This procedure is supposed to remove adsorbed water
and other volatile contaminants from the sample. The degassing procedure completed, the
sample was placed inside the isothermal jacket and installed in the analysis port of the

apparatus, above the elevator containing analysis Dewar filled with liquid nitrogen.
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Figure 2.8. ASAP 2020 apparatus [2.22].

Figure 2.9. Glass bulb cell used for measurement with filler glass rode and seal frit.

In the first state of analysis the sample containing glass tube is degassed again and filled
with helium to get information about the free (dead) volume in the tube at both: room
temperature (~298 K) and analysis bath temperature (77 K). This information is required to
evaluate correctly the number of molecules of nitrogen that will be adsorbed by the sample

during the experiment carried out at 77 K.
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CHAPTER 3

Characterisation of adsorptive properties of nanoporous carbons prepared
by arc discharge procedure

To determine whether it is possible to prepare nanoporous carbons by electric arc
discharge technique (described in chapter 2.1), pure carbon samples were first synthetized and
analysed. We will consider them as a reference material for boron-substituted carbons. It will
allow the optimisation of the synthesis and activation procedure on samples that are non-
expensive. Moreover, their analysis will serve to determine the relations between the conditions

of the sample preparation and post-synthesis treatment, and the sample morphology.

3.1. Synthesis of the carbon samples

The optimal conditions of graphite sublimation in controlled, inert gas atmosphere that
are necessary to produce closed carbon structures (fullerenes and carbon nanotubes) were
determined by Zahab [3.1] and Journet [3.2]. The same electrical parameters of synthesis were
used in the present study. The voltage between graphite electrodes was set to 50 V. The intensity
of the electric current between electrodes was maintained constant and equal 100 A during the
sublimation process. That was achieved by regulating the distance between the stationary
cathode and the anode that consumes itself during sublimation. We focused only on the
optimization of the inert gas pressure in the reactor. The gas acts as a mass/charge/heat carrier
in plasma produced in the electric arc. Its pressure influences the mechanism of carbon
nanostructures growth and determine which type of structures will be formed [3.3]. The electric
arc discharge method was used in the past to prepare in the selective way closed carbons
structures (fullerenes Ceo, C70, and higher, single-, double- or multi-wall nanotubes etc.). On
the contrary the goal of present work is to prepare very disordered, open carbon structures build
from small graphene fragments and highly nanoporous. The influence of inert gas (helium)
pressure in the reactor on the type and properties of the prepared carbons was then examined,
in the pressure range between 660 and 1100 mbar. We recall that the reactor was conceived to
operate under pressures lower that ambient pressure (1 bar) and 1100 mbar is the highest-
pressure value that we could use during synthesis without overpassing the security limits. On
the other hand, 650 mbar is the minimum pressure that allows the sublimation (and not melting)

of graphite electrodes in the reactor.
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3.2. Morphology of as-prepared carbon powders

The morphology of the obtained carbon soot was analysed using electron microscopies
(SEM and HRTEM). Sample specific surface and porosity were determined from N adsorption

measurements.

3.2.1. Electron microscopy measurements (SEM and HRTEM)

Fig 3.1 shows the SEM images for two carbon samples synthetized using the smallest
(660 mbar) and one of the largest (960 mbar) helium pressure in the reactor. In both cases the
sample morphology is very similar. The sample surface is irregular and spongy, with many
pores of nanometric size. However, the SEM resolution does not allow for identification of

differences between samples. Therefore, we continued our analysis using HRTEM technique.

Figure 3.1. SEM images of carbons synthetized using (left) 660 mbar and (right) 960 mbar helium
pressure in the reactor.

Figure 3.2 compares the HRTEM images of samples synthesized using 660 mbar (left
panel) and 1100 (right panel) helium pressure. Samples prepared at low helium pressure consist
in amorphous agglomerates. Any specific graphene-based structure (onions, tubes) is observed
even at higher magnification (Fig. 3.2c). The agglomerated structure is homogeneous across
the whole sample. It consists in entangled graphene fragments (Fig. 3.3). The structure is
porous, and the average pore diameter is of the order of the 5.6 A. The pore of this size, if they
are open (accessible for the adsorbate) are suitable for hydrogen storage. As the structure is
built from graphene fragments that present a lot of edges, this additional edge surface can
constitute a suitable adsorption surface that will add to the pore surface.
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Figure 3.2. HRTEM images of carbon sample synthetized in 660 mbar (left pannel) and 1100 mbar

(right panel) helium pressure.
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Figure 3.3. HRTEM images of carbon sample synthetized at 660 mbar of helium pressure. Withe (grey)
regions are the pores; red (dark) lines correspond to carbon skeleton. Black thin illustrate
the pore width. The average distance measured between the pore walls is 5.6 A.

In samples obtained at the highest helium pressure the images show the presence of
organized structures, partially surrounded by amorphous carbon (Fig. 3.2d). These structures
are closed (Fig. 3.2e) and form the nano-onions and multiwall nanotubes (Fig. 3.2f). The
average distances between successive nanotube walls is 3.4 A, characteristic for the distance
between graphene planes in graphite. The closed structures and small intergraphene distance
make the samples not suitable for direct use as hydrogen sorbent. However, this structure
appears very often in preparation of carbons precursors used to prepare activated carbons. We
expect that these structures can be open, and the graphite layers expanded or exfoliated using

an appropriate activation procedure. Therefore, we will not exclude them from the further study.

3.2.2. Adsorption measurements of specific surface area and porosity of as-prepared carbon
samples

The initial screening of specific surface area and porosity of carbon samples prepared
at different helium pressures was performed using BEL mini apparatus. It allows to measure
nitrogen adsorption in the samples at T = 77 K. Isotherms of nitrogen adsorption in two carbon
samples, synthetized at 660 and 1100 mbar of helium pressure, are presented on Fig. 3.4. Both
isotherms correspond to la type isotherm according to IUPAC classification. It means that both

samples are mainly microporous.

Table 3.1 summarizes the obtained results. Unfortunately, the specific surface of all
samples is low, around 200 m%*g or below this value. Although the samples’ surface
monotonically increases when the helium pressure in the reactor is increasing (Fig. 3.5), its
value is more than one order of magnitude lower that our target (3000 m?g). It is a consequence

of presence of many closed structures, not accessible for testing gas.
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Figure 3.4. Nitrogen adsorption isotherms for two carbon samples, synthetized at 660 and 1100 mbar

of helium pressure.

Table 3.1. Specific surface area (SSA), total pore volume V, (determined at relative pressure P/Po =
0.985), and micropores’ volume (Vmicro) Of carbon samples prepared at different helium

pressures. The saturation pressure of nitrogen at T = 77 K is equal Po = 0.76 bar.

pressure | SSA Vp Vmicro
[mbar] | [m?g] [cm®/g] [cm®/g]

660 103 0.17 0.03
720 171 0.21 0.06
760 207 0.30 0.07
810 141 0.19 0.04
860 189 0.26 0.07
910 188 0.27 0.06
960 213 0.27 0.08
1030 210 0.31 0.11
1100 221 0.31 0.13

The same conclusion comes from the analysis of samples’ pore volumes. The
microporous volume was calculated using t-plot method described in Chapter 2. It slightly
increases with applied helium pressure (Table 3.1). Microporosity constitutes 1/3 of the total
pore volume. Since carbon powder is not mesoporous, we attribute the remaining 2/3 of porosity
to the voids between powder agglomerates. However, the hysteresis between adsorption-
desorption cycles that is characteristic for isotherms of samples with interparticular porosity

(type Ilb isotherm according to IUPAC classification) is not very pronounced (Fig. 3.3).
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As the sample are strongly heterogeneous (see Fig. 3.3), the average radius of the pores
is difficult to determine. On the sample fragment presented on Fig. 3.3 the averaged pore width
is equal ~ 5.6 A. When the helium pressure increases, the specific surface area of the samples
monotonically increases (by a factor of 2 between 660 and 1100 mbar). Therefore, for the
syntheses of boron-substituted carbon samples we have chosen to operate at the higher
experimentally possible helium pressure (slightly over 1 bar), to maximize the initial sample

surface and its microporous volume.
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Figure 3.5. Specific surface area SSA of carbon samples in a function of helium pressure maintained

in the reactor during the synthesis.

3.3. Activation of carbon samples

Microporosity of carbon samples could be increased by either physical (thermal) or

chemical activation.

During physical activation a part of carbon atoms is removed from the structure by
gasifying agents such as carbon dioxide, water steam or oxygen. Partial gasification of carbons
precursors is usually carried out at 800-1000 "C. The activation of samples with CO, or H20
must be carried out in oxygen-free atmosphere: the reaction of O, with carbon is highly
exothermic and that can prevent the combustion reaction with gasifing medium. On the other
hand, controlled carbon oxidation at low oxygen partial pressures and at temperatures up to 600

°C leads to the formation of carbon dioxide and removal of available carbon atoms.
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Chemical activation is usually conducted in three steps. First, the raw carbon material
is impregnated with chemical reactants, basic or acid (HsPO4[3.4], ZnCl>[3.5], KOH or K>CO3
[3.6]), then the sample carbonization is carried out under a flow of inert gas (usually nitrogen).
In the case of activation with KOH (the most frequently used), the activation process consists
in the reduction of the potassium hydroxide to free potassium metal, penetration of metal atoms
into the carbon graphite-like structure, its expansion by the intercalated potassium, and the rapid
removal of the intercalate from the carbon matrix. The resulting carbon sample is finally
carefully washed to eliminate the remaining activation chemical and the unwanted activation

reaction products.

3.3.1. Physical activation of carbons prepared in electric arc discharge

Thermal activation of carbon samples has been carried out in the ambient atmosphere
for variable annealing time and temperature. All presented measurements have been performed
on samples from the same batch. Their initial specific surface was low, of the order of 270 m?/g.
The initial mass of sample submitted to activation procedure was 200 mg. The activation
temperatures have been chosen following the conclusions of the paper by Geng et al. [3.7],
where thermal treatment under air atmosphere in 400 ‘C has been found to be optimal to open

closed single-wall carbon nanotubes.

Two activation protocols have been tested. In the first one the sample has been
progressively heated to 400 "C (with a temperature ramp 120 "C/hour), annealed at 400 “C for
1 hour, and then cooled down to room temperature. The specific surface area of the activated
samples was then measured. This activation procedure was repeated 3 times. In such way the
final samples were annealed at 400 “C for 4 hours in total. The second protocol consisted in
heating of the sample to the temperature of 300, 350, 400, 450 and 500 ‘C (with the same
temperature ramp of 120 ‘C/hour), and then annealing the sample at these temperatures for 4

hours.

Fig. 4.6a shows the relative mass loss of sample activated at T = 400 ‘C using the first
activation protocol. The mass of sample was measured after each annealing step and plotted in
a function of annealing time. The loss of mass, of the order of 25 % after the first hour of
annealing, progressively decreases and become negligible (at the level of experimental error)
after 4 hours of annealing. Therefore, we consider that the sample thermal activation at T= 400

°C due to carbon erosion by oxygen is completed after 4 hours.
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The specific surface (Fig. 3.6b) increases exponentially with heating time and reaches
the maximum (total SSA = 986 m?/g, where micropore area occupies 890.2 m?/g and 0.40 cm?/g
of volume) after 3 hours of annealing. Further annealing causes a slight decrease of the surface.
This effect can be a result of a partial oxidation and formation of carbonyl and lactone groups
on the carbon surface. These reactions are in competition with graphene layers consumption
and production of CO and CO; gases. If the oxygen complexes’ concentration is too high, the
graphene combustion slows down and eventually stops [3.15].
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Figure 3.6. a) relative change of mass and b) evolution of specific surface (SSA) of sample annealed at

T =400 'C, as a function of annealing time.

Fig. 3.7 shows the relative mass loss and evolution of specific surface of samples
activated using the second activation protocol, and the activation temperatures of 300, 350, 400,
450, and 500 ‘C. The loss of sample mass increases almost linearly with the annealing
temperature. This result agrees also with previous study of Balden et al., carried out on different
carbon materials but also finely grained graphite [3.14]. When the samples are annealed at
temperatures different than 400 ‘C (lower or higher), the final specific surface is always lower
than that reached at 400 "C (Fig. 3.7b). As it was stated above, this can be due to partial oxidation
of carbon surfaces, the reaction that occurs faster at higher temperatures. In fact, the presence
of a certain amount of CO bonds on the carbon surface is necessary for combustion reaction
and CO and CO; gas production to occur [3.15]. However, according to Walker [3.15] and our
results presented above, sufficient number of the chemisorbed species appears already at 400°C,
which results in the highest SSA (Fig. 3.7b dashed red line). In temperatures close to 600 °C,
spontaneous ignition of soot can have place, and this can result in structural changes and

successive decrease of SSA for temperatures higher than 400 °C.
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Fig. 3.8 summarizes the results obtained using different thermal activation protocols.
The highest specific surface was obtained by heating samples during 4 hours in 400 °C at the
ambient atmosphere.
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Figure 3.7. (a) the relative mass loss and (b) evolution of specific surface of samples activated for 4
hours at the activation temperatures of 300, 350, 400, 450, and 500 ‘C. On the Fig. 3.7b,
solid red line shows the increase of SSA and dashed line shows the highest SSA obtained
for 400 °C.
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Figure 3.8. The evolution of sample specific surface during thermal activation.

The morphology of the sample showing the highest specific surface area was further
analysed using HRTEM and EELS methods. Fig. 3.9 compares the HRTEM images of carbon
sample before and after activation. The as-prepared carbons consist in interconnected

agglomerated of various shapes, whereas the annealed carbon structures are almost spherical
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and well separated. We anticipate that this feature will lead to the increase of sample porosity,

at least of its interparticle part.

b)

Figure 3.9. HRTEM images of carbon sample a) before and b) after thermal activation at 400 'C during
4 hours.

Fig. 3.10 compares the K-edge EELS spectra of the thermally activated sample with the
highest SSA and the litterature results of Chen et al. [3.8], observed for some of typical
carbonaceous materials.

The peaks, located around in the 280-285 eV and 290-295 eV correspond to electron
transitions from the 1s orbital to antibonding ©* and o* states, respectively. The peaks are
broad, especially the one related to the 1s — o™ transition. It confirms that the major part of the
sample is amorphous. However, the appearance of a relatively narrow n* peak confirms the
presence of sp? hybridized carbons, then, crystaline graphitic layers. Our spectra agree with
litterature data published by Chen, and confirm our conclusion that thermally activated carbon
powders prepared by electric arc discharge contain graphitic layers (brown signal on the left
panelof Fig. 3.10, curves a,b, and ¢ on the right panel) and amorphous carbon films (blue signal

on the left panel, curve d on the right panel).
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Figure 3.10. (left) K-edge EELS spectra of thermally activated carbon sample showing SSA=989 m?/g.
Blue and brown lines have been obtained on from different parts of the samples. (right) K-
edge EELS spectra reported by Chen [3.8] for: a) char particles with graphitic layers mostly
parallel to the electron beam, (b) carbon soot aggregates with randomly orientated graphitic
layers, (c) char particles with graphitic layers mostly normal to the electron beam, and (d)

TEM grid amorphous carbon films.

3.3.2. Chemical activation of carbons prepared in electric arc discharge

To further increase the specific surface, the annealed samples were additionally
chemically activated using KOH as activation agent. We followed the activation procedure
developed by Romanos et al. [3.6]. It allowed in the past the activation of corn cob derived
carbons showing the specific surface of ~3000 m?/g, higher than that of ideal infinite graphene
layer (~2600 m?/g) [3.9].

Two ways of chemical activation with KOH have been tested: using solid KOH mixed
with carbon powder and using liquid KOH solution. In the first case, activated soot was mixed
with KOH pellets at the weight ratio 1:3. For activation with liquid KOH, the carbon soot was
also mixed with KOH pellets, but a small amount of water was added to create a suspension
with high base concentration, and to insure more homogeneous KOH penetration into the
sample. In both cases 200 mg of carbon powder was mixed with activation agent, putted into
quartz crucible and annealed at 800 °C under nitrogen flow (500 ml/min) for 2 hours. After
activation the sample was allowed to cool down, washed with distilled water until pH = 7 was

reached, and the remaining material was dried at 120 °C in the oven to remove moisture.



During the activation with solid KOH the sample lost ~45 % of its initial mass. When

activated with liquid KOH, the mass loss was slightly larger, ~57 % of initial value.

The chemical reactions occurring during activation below 700 °C consist in progressive
oxidation of carbon materials to CO and CO, according to the following formulas:

2KOH - K,0 + H,0 (1)
C+ H,0 - CO + H, ()
CO + H,0 - CO, + H, 3)
CO, + K,0 > K,COs (4)

The main activation reactions products are potassium oxide, potassium carbonate, carbon
oxides, hydrogen and water [3.10]. When the activation is conducted at temperatures above 700
°C, metallic potassium is formed by the reduction of K,O by carbon or hydrogen:

K,0 + H, > 2K + H,0 (5)
K,0 + C - 2K + CO (6)

According to Otowa [3.10], at 700 °C the potassium atoms are mobile and can intercalate

carbon matrix. It causes the expansion of graphite structure and formation of nanopores.

The porosity and specific surface of KOH-activated samples were determined using

nitrogen adsorption measurements. The obtained results are presented in Table 3.2.

Table 3.2. Specific surface and micropore volume of chemically activated samples, determined from
nitrogen adsorption isotherms. The data for the samples activated with solid and liquid KOH

are compared.

SSA External Micropore area | Micropore volume
[m°/g] | surface [m?/g] [m/g] [cm®/g]

solid KOH

activation 790 76 710 0.35

liquid KOH

activation 695 106 590 0.25

For both activation procedures the final specific surface areas are small (700 - 800 m?/g),
of the same order of magnitude or smaller than the surfaces of thermally activated carbons. This
result is disappointing, especially if compared with the activation results reported by Romanos
[3.6]. Usually, the same activation lead to much higher specific surfaces (SSA = 1283 m?/g for
carbon spheres made of glucose [3.11], SSA =1500 m?/g for biochar [3.12], SSA = 2500 m?/g
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for corncob derived carbons [3.6], or SSA = 2800 m?/g for fire wood carbons [3.13]). According
to Table 3.2, slightly better results were obtained for carbon activated by solid KOH than by
liguid KOH, with 90% of porosity provided by system of micropores that occupies the volume
of 0.35 cm®/g. Activation reaction with liquid base is supposed to provide better distribution of
the compound inside the carbon powder, however, the obtained porosity is low: 695 m?/g of

specific surface and 0.25 cm®/g of micropore volume.
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CHAPTER 4

Characterisation of adsorptive properties of nanoporous boron-carbon
samples prepared by arc discharge procedure

Perfect carbon material for hydrogen storage should exhibit both: high surface area and
high adsorption energy. Although high surface can be obtained by samples’ activation, the
adsorption energy can be increased only by material’s structural modification. Introduction of
heteroatoms in carbon structures (by doping or substitution) results in structural and energetic
heterogeneity and may create additional sites strongly attracting hydrogen. Grand Canonical
Monte Carlo simulations [4.1] suggested that substitution of a part of carbon atoms in graphene
honeycomb structure by boron can significantly increase the energy of hydrogen adsorption in
infinite graphene slit pores. Fig. 4.1 shows the energy landscapes for H> adsorption on BCh
graphene-based surface. This landscape (and the resulting average adsorption energy) changes
dramatically in a function of the ratio of boron substitution (Fig. 4.1). For 10 % substitution
ratio the average adsorption energy of hydrogen reaches the value of 9.56 kJ/mol, very

promising for potential hydrogen storage at room temperature and relatively low pressure.

1% 5% 10 %

B - 600K
-900K
.-1200K
40
Figure 4.1. Heterogeneity of the energy landscape for H, adsorbed on a single graphene surface

randomly substituted with 1% (Eaver = -650 K= -5.40 kJ/mol) (left), 5% (Eaver = -900 K= -
7.48 kJ/mol) (centre) and 10% (Eaver = -1150 K= -9.56 kJ/mol) (right) boron atoms [4.1].
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Therefore, to verify the theoretical calculations cited above, we prepared (using electric arc
discharge technique) and analysed boron-substituted carbon structures with different boron

concentrations.
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4.1. Synthesis of boron-substituted carbon samples

To synthesize the boron-substituted carbons we have initially used the same electric arc
discharge parameters (electric current, inert gas pressure) as those that we have already
optimized for the synthesis of pure carbon samples (see chapter 3). However, as boron is an
insulator, it was more difficult to create and maintain a continuous electric arc discharge
between the graphitic cathode and boron-filled anode within these conditions. Therefore, we
increased the pressure of helium inside the reactor from 600 mbar up to 800 mbar. It allowed
to increase the number of charge carriers in the reactor and to maintain an electrical connection
between electrodes (even if, simultaneously, the difference of potential between the electrodes
dropped from 50 V to 30 V). We collected and analysed only the soot part of the material. In
such a way four boron-substituted carbon samples with boron concentrations of 23.3 wt.% B,
19.9 wt.% B, 11.3 wt.% B, 5.3 wt.% B were synthetized and characterized. The boron content

has been estimated according the procedure described in Chapter 2.2.

4.2. Characterization of boron-substituted carbons

4.2.1. Morphology of boron-substituted carbon powders

The morphology of boron containing carbon samples can be partially predicted by
boron-carbon phase diagram (Fig. 4.2.). Thermodynamic conditions inside the reactor chamber
during synthesis (T~4000 °C) can lead to creation of boron carbide/boron nanoparticles.
Furthermore, Figure 4.2 shows, that for boron concentration lower than 25% does not guarantee
the absence of such nanocrystals. According to this reference, we have probability to obtain

locally both: (i) carbon doped boron regions and (ii) boron doped carbon regions.
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2500 g Figure 4.2. Boron—carbon binary phase diagram,
f H \
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2000 i
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The morphology of as prepared boron containing carbon samples was first analysed
using microscopic (SEM, HRTEM) and spectroscopic (EELS) methods.

4.2.1.1. Microscopic analysis of boron-substituted carbons

Fig. 4.3 shows the SEM images of the sample with the lowest boron concentration (5.3
wt.%). Different sample regions have similar, amorphous aspect with pronounced porosity of
the nanometric size (Fig. 4.3 a,b). Some more organized, needle-like or tubular structures with
the diameter of ~50 nm are also observed (Fig. 4.3 c¢,d). To get information about the atomic
composition of the sample, we performed their EDS analysis. Fig. 4.4 and Fig. 4.5 show the
relative concentration of different atoms in the samples, marked by different colours.

Figure 4.3. SEM images of the sample containing 5.3 wt.% of boron. a,b) representative views of two
different regions of the sample, showing the amorphous character of the structure and the
porosity on the sub-micrometric scale, ¢) tubular and d) needle-like structures of ~50 nm

of diameter.
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Figure 4.4. Atomic composition of sample containing 5.3 wt.% of boron. a) SEM image of the analysed
sample fragment, b) atomic composition (C and O detected), ¢, d) separated signals from

oxygen and carbon atoms, respectively.
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Figure 4.5. Atomic composition of sample containing 5.3 wt.% of boron. a) SEM image of the sample
fragment from Fig. 4.3d containing needle-like structure, b) atomic composition (C and O

detected), c, d) separated signals from oxygen and carbon atoms, respectively.

The analysed sample fragments contain mainly carbon and oxygen, in the relative
proportion 65% of carbon atoms, and ~35% of oxygen atoms. The oxygen seems to be localized
mostly on the edges of carbon structures, probably as a part of lactone and/or carbonyl groups.
These groups are usually formed when the nanocarbons are exposed to air. In our case, as we

stored the samples at ambient conditions, the amount of surface group is important.

It is difficult to distinguish by EDS the simultaneous presence of boron and carbon
atoms. In fact, in both atoms the differences of energies between the higher-energy electron
shells (L) and lower-energy electron shells (K) (called K, transitions) are similar: 0.183 keV
and 0.277 keV for boron and carbon, respectively. In addition, as the analysed sample contain
a small amount (5.3 wt.%) of boron, the signal to be detected is supposed of low intensity.
Therefore, to verify if the boron atoms are incorporated as expected into the carbon structures,

we have used HRTEM and EELS spectroscopy methods.

The morphology of samples containing boron is different than that of pure carbon
samples. Many well-ordered, closed structures are observed together with amorphous carbon:
nano-onions, nanotubes, and nanocrystallites (Fig. 4.6 a,c). According to EELS spectroscpy
(Fig. 4.6 b,d), boron forms nanoclusters with diameters up to 20 nm within carbon structures.
We have noted that very often boron concentration is higher in the vicinity of structured carbon
fragments (see for example Fig. 4.6 c,d where high boron concentration is observed close to the

‘knee’ of the folded natnotube). We suppose that it could result from a competition between
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Figure 4.6. HRTEM and EELS spectroscopy images of sample with 5.3 wt.% of boron. We shows the
HRTEM images (left column) of two different fragments of the same sample, and the
corresponding EELS images (right column). The bright spots denote the presence of boron

atoms.

carbon and boron to minimize the energy of formed structures. Accoridng to boron-carbon
phase diagram (Fig. 4.2), both graphite and boron-carbide structure may be formed when the
carbon concentration in the initial boron—carbon mixture is higher than 20%. As in our case the
carbon content is higher than 70%, we should expect a large amount of graphite based structures
in our samples. In fact, HRTEM pictures (Fig. 4.6 c¢,d) show both phases: boron-like domains

and graphitized carbon, additionally sourounded by amorphous carbon.
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Figure 4.7. EELS spectrum of sample with 5.3 wt.% of boron for two different sample regions. The

boron K-edge is located arround 190 eV; this of carbon arround 284 eV.

Figure 4.7 shows the EELS spectrum of a boron—containing sample with 5.3 wt.% of
boron, in a function of energy loss. The EELS technique is sensitive to the local environment of
the excited atoms, and in particular, to the projected density of unoccupied states close to Fermi
level [4.3]. The peaks appearing around 290 eV correspond to 1s — n and 1s — & transition
within carbon and are characteristic for sp? and sp® hybridized carbon [4.4, 4.5]. The signals’
relative intensity indicates that the sample contains more sp® hybridized carbons than sp?
carbons, typical for graphitized structures. This result can have two different origins. First of
all, it can indicate that the sample contains a large amount of non-graphitized (amorphous)
structures and defects; the last ones are necessary to create closed structures (like nanotubes or
nano-onions), actually observed in the sample. At the same time, as the atomic radius of boron
is larger than that of carbon, its incorporation of graphitic honey comb arrangement causes
distortion of the planar graphene layer [4.6] and may increase the part of sp® carbon

hybridization in EELS spectrum.

Similarly, the two peaks appearing around 190 eV are attributed tols — " and 1s — "
transitions within boron. According to Arenal et al. [4.7], the spectrum of bulk boron consists
of only one broad peak located around 200 eV. The appearance of fine structure of this peak

suggests that local environment of boron atoms in the sample is not homogeneous.
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4.2.1.2. Pore size distribution from nitrogen adsorption measurement

Porosity of all boron-containing carbon samples was determined from nitrogen
adsorption measurements at 77 K. For all samples, the isotherms of N, adsorption (Fig. 4.8) are
of type I1b according to IUPAC classification, and are characteristic for microporous solids.
For all samples, a narrow hysteresis loops appear at high relative pressures (p/po > 0.8). It is

attributed to inter-particle capillary condensation.
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Figure 4.8. Isotherms of boron-carbon samples.

Table 4.1 gives the main characteristics of all samples, extracted from adsorption
measurements. The total surface area of all samples is comparable and small, which can be due
to morphological similarities of created boron-carbon material. The micropore surface area and
micropore volume increase when boron concentration decreases. It is probably due to the
presence of boron-like domains in the samples. Such structures are observed already for the
sample with the lowest boron content (see Fig. 4.6, sample with 5.3 wt.% of B), and are

expected to appear in higher concentration in samples with higher B:C ratio.

Table 4.1 Nitrogen adsorption results obtained in 77 K for boron-carbon samples synthetized in electric

arc discharge with different boron concentrations.

Sample SSA | Ext SA | Micropore area | Micropore volume
[m’/g] | [m®g] [m’/g] [cm’/g]
23.3 wt.%B 185 180 5 0.005
19.9 wt.%B 167 160 7 0.005
11.3 wt.%B 217 178 39 0.019
5.3 wt.%B 237 195 42 0.020
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Figure 4.9 presents pore size distribution for all samples in microporous region (up to
10 A of the diameter). The estimation of the pore width was carried out using Horvath-Kawazoe
method assuming slit-shaped pores’ geometry. Sample contains 23.3 wt.% of B and 11.3 wt.% of
B have comparable pore size distribution, located between 5 A and 8 A. The distributions of
pore sizes in samples contain 19.9 wt.% of B and 5.3 wt.% of B are also comparable, located
between 5 A and 7 A.
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Figure 4.9. Pore volume in boron-carbon samples in a function of pore diameter (up to 10 A), estimated

using Horvath-Kawazoe method and assuming slit shape of pores.

More information about samples’ morphology has been obtained from the analysis of
NMR spectra.

4.2.1.3. B MAS NMR analysis of boron-carbon samples

Boron-carbon samples were additionally analysed by *B MAS NMR. The goal of this
study was to detect the presence of boron-carbon bonds and confirm the substitutional

incorporation of boron into graphite structure during the sample synthesis.

Figure 4.10 compares the literature data obtained by Shirasaki et al. [4.4] on boron-
substituted carbons containing made by CVD (Chemical Vapour Deposition, 25%, 23% and
13% of boron) with those obtained on boron-carbon samples synthetized by electric-arc
discharge method in the present work (23.3 wt.%, 19.9 wt.%, 11.3 wt.% and 5.3 wt.% of boron).
The main resonance, appearing at 0 ppm (with respect to bulk B powder reference) can

correspond to boron carbide. This signal is supposed to be a combination of homonuclear
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boron-boron dipolar interactions (main peak) and chemical shift anisotropy [4.4]. The intensity
of this signal corresponds to boron concentration inside the sample which is shown on Fig. 4.10
(left).

23.3%B MAS shoulder peak

19.9% B
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Figure 4.10. B MAS NMR spectrum obtained for: (left) boron-carbon samples (23.3 wt.%, 19.9
wt.%, 11.3 wt.% and 5.3 wt.% of B) synthetized by electric arc discharge and (right)

boron substituted carbons synthetized by chemical vapour depossition (CVD) [4.4].

According to Shirasaki et al. [4.4] the broadest peak appearing in both types of samples
at the shoulder of the main resonance, at 32 ppm is characteristic for second-order carbon-boron
quadropular interaction. It indicates the presence of boron atoms chemically bonded to carbons.
When the concentration of boron increases, this signal progressively broadens and merge with
the main, boron-boron signal disappears. An additional weak signal observed at higher
frequency 86 ppm may result from B-B bond at certain local geometry. Similar results for
rayon-based carbon fibers doped by boron were published by Wang et al. [4.16] (Figure 4.11).
It was reported that according to this spectrum the boron atoms may exist in three different
chemical environments including boron carbide, boron clusters and BCs. Obtained chemical

shifts can be correlated to doping or substitution of carbon by boron.

The peaks marked with asterisk * (Fig. 4.10, left) are spinning-side bands of the main
resonance. They result from magnetic field modulation at the spinning frequency (f =20 kHz
in our case), and always appear when the sample spinning rate is lower than the sample

chemical shift anisotropy. The peaks separation is equal to the spinning rate [4.8].
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Figure 4.11. MAS 11B NMR spectra observed at 9.39 T for boron-doped RCFs Gaussian lineshapes
used for fitting to estimate the intensities of the three signal components: B4C, BCs and
B clusters [4.16].

4.2.1.4. Isosteric heat of nitrogen adsorption in boron-carbon

The capacity of boron-containing samples to adsorb hydrogen was evaluated on the

sample with the highest boron concentration (23.3 wt.% of B).

First, we have determined the isosteric heat of hydrogen adsorption AH at low
temperature (77 K). For that, hydrogen adsorption was measured at two temperatures, 77 K and
87 K. The obtained adsorption isotherms for both temperatures have been converted to
gravimetric absolute adsorption amount and are shown on Fig. 4.12a. The isosteric heat was
then evaluated from the low-pressure part of isotherms, (described by Henry’s law, Fig. 4.12b)

using Clausius-Clapeyron relation:

_p. nhhh p2\_p. N0l | ky(T1)
AH =R (T,-Ty) ln(pl) R (1,-T1) ln(kH(Tz)) (4.1)

where T1 = 77 K, T, = 87 K. pz and p2 correspond to the pressures at which the same amount
of hydrogen is adsorbed at respectively ku(T1) and kn(T2) are the Henry’s constants at T1 and
T2. R is the gas constant (8.314 J/K- mol).
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Figure 4.12. a) Isotherms of hydrogen adsorption in soot_1B sample (with the highest boron
concentration) at T =77 K and T = 87 K; b) zoom on the isotherms’ low-pressure range.
A linear increase of the adsorbed amount with increasing pressure (Henry law) is clearly

observed.

The Henry’s law constants were estimated from first five pressure points of the isotherms (Fig.

4.12b) according to the Henry’s law equation:

Gaps(@,T) = ky (Mp (4.2)

where Gaps is gravimetric (in g/kg) absolute adsorption at the given pressure and temperature.
We found kn(77 K) = 90.0 g/kg - bar! and kn(87 K) = 26.3 g/kg - bar®. The evaluation of
isosteric heat at zero coverage from equation (4.1) gives AH = 6.9 kJ/mol. This value is subject
to a large uncertainty, mainly because the arbitrary choice on number of pressures that are
included into the evaluation of Henry constant. This is illustrated on Fig. 4.13 where the lines
used to evaluate Henry constants (from Figure 4.12b) fall badly off the experimental data

beyond the first initial pressures.
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Figure 4.13. Isotherms (T =77 Kand T = 87 K) of hydrogen adsorption in sample with 23.3 wt.% of
B. The slope of lines is the same as on Fig. 4.12. The dashed horizontal line corresponds
to Gass = 0.03 g/kg, for which isosteric heat of adsorption was determined using Clausius-

Clapeyron relation (4.1).

To avoid such an arbitrary estimation of Henry constant, we decided to used virial expansion

of Clausius-Clapeyron equation of adsorption isotherm in the limit of zero-coverage:
In (%) = Kl + KZ (Gabs) + KS (Gabs)z + - (43)
% = ef1elababs | = 1 = [, if Gaps 2> 0asp — 0. (4.4)

Figure 4.14 presents the graph of In (%) in a function of Gans. The estimated values

of virial coefficients K1 (77 K) = 5.06 g/kgbar and K> (87 K) = 3.65 g/kg-bar were then used to
calculate Henry’s constants according to formula (4.4): kn(77 K) = 142 g/kg - bar* and k(87
K) = 28 g/kg - bar. These values are larger than the ones determined previously from initial 5
points of the isotherms only. In consequence, the isosteric heat of adsorption at zero coverage,
calculated using the new values of Henry’s constants is also larger: 4H = 9.06 kJ/mol. We
consider that this value is more accurate than of isosteric heat calculated from Henry’s law
directly. This value is also the largest value of hydrogen isosteric heat in carbon-based

adsorbents ever determined experimentally.
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Figure 4.14. Virial expansion of adsorption isotherm for sample contains 23.3 wt.% of B and virial

coefficients’ determination.

4.3. Activation of boron-carbon samples

To be applicable as adsorbent in hydrogen tanks, boron- carbon material should exhibit
high specific surface (~3000 m?/g). In the case of purely carbon compounds the usual (and
sufficient) method to reach such high values is an activation procedure. In the case of boron
containing samples the activation procedure should be carried out with specific care. When
boron is heated in air to ~700 "C, a reaction with oxygen occurs and boron trioxide (I11) is
formed. Similarly, during chemical activation in ambient conditions boron reacts with KOH
and KBOs is formed. Both reactions create undesirable species and have to be avoid by an
adequate choice of activation protocol. Then, as the arc-prepared boron-carbon samples contain
also well-ordered, highly stable boron nanostructures that block the pores’ entrance (see chapter

4.2.1, Fig. 4.5), the activation procedure (optimized for carbon samples) can be less efficient.

4.3.1. Thermal activation of boron-carbon samples synthetized in electric arc discharge

In the first step we thermally activated boron containing carbon samples according to

procedure optimized for purely carbon samples.

4.3.1.1. Procedure of thermal activation

Boron-carbon powders with different boron concentrations were heated inside an oven

at ambient atmosphere. The influence of annealing time on the sample’s characteristic was
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evaluated using the procedure used previously for purely carbon samples (see chapter 3.3.1).
Two activation protocols have been tested. The first one was carried out on the sample
containing 19.9 wt.% of B and showing the initial specific surface area of 170 m?/g. It consisted
in annealing of 200 mg of the powder at 400 “C for 1 hour (the temperature ramp of 120 “C/hour
was used) and cooling it down to ambient temperature. This procedure was repeated three times
to get a cumulative annealing time of 4 hours. Porosity measurement were performed after each

activation step.

The second procedure consisted in continuous annealing of the samples in air at 400 'C
for 4 hours, with the same temperature ramp. This procedure was applied to all remaining
boron-substituted carbon samples: 23.3 wt.% of B, 11.3 wt.% of B, and 5.3 wt.% of B in raw.

4.3.1.2. Determination of porosity of thermally activated boron-containing carbon samples

Porosity of thermally activated boron-containing carbon samples was evaluated from
nitrogen adsorption isotherm, measured at 77 K. Fig. 4.15 shows the isotherms obtained for all
activated samples. All isotherms are of Ilb type according to IUPAC classification, and are
typical for microporous materials. They all exhibit type H3 hysteresis characteristic for inter-
particle capillary condensation that usually occurs in granulated (agglomerated) materials. The
onset and the width of the hysteresis loop slightly diminishes with activation time. It is probably

related to increasing inter-particle spaces during activation.

Table 4.1 gives specific surface area (total, external, and microporous) and microporous
volume of sample containing 11.3 wt.% of boron, thermally activated for 4 hours at 400 C,
after each hour of sample annealing. For comparison, the sample characteristics before
activation are also indicated. In contrast with purely carbon samples for which a monotonic
increase of all parameters with annealing time was observed (Fig. 4.16), the parameters of
annealed boron-carbon samples are fluctuating around constant (and very low) values. The
specific surface area varies between 100 and 200 m?/g (Fig. 4.16a). The highest microporous
surface and volume were observed after 1 hour (34 m?/g and 0.015 cm®/g) and 4 hours (25 m?/g

and 0.013 cm®/g) of samples annealing.
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Figure 4.15. Nitrogen adsorption isotherms of sample with 19.9 wt.% of B before and after each step
(1h, 2h, 3h, and 4h) of thermal activation.

Table 4.1. Specific surface area (SSA) and microporous volume of soot_2B sample after each step of

thermal activation at 400 C.

Sample Total2 SSA | External sgrface Micropcz)re Microporse
[m/g] area [m</qg] area [m</g] volume [cm’/g]
19.9 wt.%B 168 164 4 0.004
19.9 wt.%B _actv_1h 107 73 34 0.015
19.9 wt.%B _actv_2h 146 128 18 0.010
19.9 wt.%B actv_3h 105 96 9 0.005
19.9 wt.%B actv_4h 193 168 25 0.013

There are several possible reasons why thermal activation of boron-containing samples
is not efficient. The most plausible is that oxygen cannot access the sample interior, either
because (i) the initial sample has too little open pores to efficiently initiate the activation, (ii)
the sample heating causes structure modifications that prevent oxygen to penetrate into sample
interior, or (iii) boron nanostructures, detected during microscopic analysis of samples’
morphology block the oxygen access deep into the sample. This last hypothesis is supported by
the quasi absence of the sample mass loss during activation (Fig. 4.16b). The initial mass loss
of 2.5 %, observed after the first hour of annealing can be attributed to the activation of easily

accessible external surface of the sample.
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Figure 4.16. a) Specific surface area and b) mass loss for boron-carbon sample thermally activated at
400 °C for four hours, with 1-hour time step. For comparison, the data for purely carbon

samples are also shown.

Fig. 4.17 shows the distribution of pore sizes in gradually activated samples, measured after
each annealing step. The porosity is almost independent on the annealing time, although some
fluctuations of pore size distribution are observed: after the first hour of heating, the average
pore width slightly increases (from 7 A to 8 A), then, after second and third hour of heating, all
pore widths seem to appear with the same (low) frequency. After fourth hour of annealing the
sample presents the same porosity as non-annealed sample. Therefore, we concluded that the

thermal activation is not adapted to improve the porosity of boron containing carbons.

To verify if the presence of boron is the main reason of inefficacity of thermal activation,
all remaining samples (with different boron content) were also thermally activated and their
porosity analysed. Fig. 4.18 shows the nitrogen adsorption isotherms after four hours of
activation. They are all of type 11b and present type H3 hysteresis. The hysteresis observed for
sample containing the highest amount of boron (23.3 wt.%) is the widest. It indicates that this
sample contains the large number of agglomerates, and that the adsorption occurs mainly in

between the agglomerated particles.
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Figure 4.17. Pore volume in the function of pore size for thermally activated 19.9 wt.% of B sample

after each 1-hour time step of annealing; point marked with asterisk * is an artefact.
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Figure 4.18.

Nitrogen adsorption isotherms of activated boron-containing carbon samples after 4 hours
of thermal activation at 400 "C. The boron concentrations are: 23.3 wt.%, 19.9 wt.%, 11.3
wt.%, 5.3 wt.%.

Fig. 4.19 shows the pore size distribution for all samples, calculated using HK method

and assuming slit shape of the pores. Within this approximation, all samples are almost non-

porous. The highest pore volume appears in 23.3 wt.% and 11.3 wt.% of B samples, containing
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pores between 6 A and 8 A of width. In the sample containing the lowest amount of boron (5.3

wt.%) the micropore volume is the highest, uniformly distributed between pore widths of 5 - 7
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Figure 4.19. Pore volume in the function of pore size for thermally activated boron containing samples

after 4 hours of annealing at 400 "C; point marked with asterisk * is an artefact.

Table 4.2 compares the specific surface area and microporous volume of the activated
samples. Each parameter decreases with increasing boron concentration. To get more
information about the origin of such behaviour we have carried out the analysis of samples’

morphology, using microscopy and spectroscopy techniques.

Table 4.2. Specific surface area (SSA) and microporous volume of boron containing carbon samples
after 4 hours of thermal activation at 400 C.

Total SSA External Micropore Microporous
Sample 2 surface area 2 3
[m/g] [m?/g] area [m</g] volume [cm’/g]
23.3% B actv 144 144 * 0.002
19.9% B actv 193 168 25 0.013
11.3% B actv 210 132 78 0.035
5.3% B actv 300 183 117 0.052

4.3.1.3. Morphology of boron containing activated samples

Fig. 4.20 shows the SEM images of four different regions of the sample containing 23.3

wt.% of boron, activated for 4 hours at 400 "C. The sample is strongly heterogeneous and
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contains such formations as (i) carbon nanotubes (of the length of 6 um and more, Fig. 4.20a),
(i) carbon microspheres with diameter of ~56 um (Fig. 4.20b), (iii) carbon webs (Fig. 4.20c),
and (iv) graphene flakes (Fig. 4.20d). These last structures could be tentatively assimilated to
graphene oxide surfaces, by comparison with SEM picture published by Najafi et. al [4.9]. The
composition of the microspheres is not known; however, it may consist in graphene oxide, too.
The presence of oxygen is confirmed by EDS spectroscopy: thermally activated sample consist
of 70% of carbon and 30% of oxygen. The presence of large amount oxygen in our samples is
not surprising. The samples were stored without a particular care at ambient conditions;
therefore, the graphene dangling bonds are supposed to be terminated by oxygen-containing
groups, equally before and after thermal activation. The samples could also contain boron
trioxide (111); however, this hypothesis is difficult to verify as is not possible to identify boron
in presence of carbon by EDS method. Additionally, as temperature in the oven was not higher

than 400 C, too low to allow BOs formation, the presence of boron trioxide is less probable.

carbon webs

Figure 4.20. SEM images of activated sample with 23.3 wt.% of B. The images show specific carbon
formation within amorphous, porous structure: a) carbon nanotube with length ~ 6 pum; b)

carbon microsphere with diameter ~ 56 um; c) carbon webs; d) graphene oxide flakes.
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Fig. 4.21 shows HRTEM images for thermally activated sample containing 5.3 wt.% of
boron. At nanometric scale two types of structures appear: amorphous phase composed of quasi
spherical agglomerates (with ~30 nm of diameter, Fig. 4.21a), and well organized, tubular
structures of the length from 30 to 90 nm, surrounded by graphene-like layers (Fig. 4.21b). The
dark spots present within the tubes are accumulated carbon. We expected that the organized
structures contain boron atoms incorporated into graphene structure. To confirm this hypothesis

the fragment of the sample shown on Fig. 4.21b was analysed in detail.

b

Figure 4.21. HRTEM images of thermally activated sample contains 5.3 wt.% of B. a) amorphous
phase, containing spherical agglomerates, b) sample fragment containing a mixture of

tubular structures and graphene-like flakes.

Fig. 4.22 shows the HRTEM images of some details of morphology of the activated
sample containing 5.3 wt.% of boron. Three different types of material organization can be
usually distinguished (Fig. 4.22a): core structures, layered carbon and overlapping structures.
Crystallographic arrangement of the core and layered structures was analysed using Fourier
Transform (FT) of their projection and showed on Fig. 4.22 c, d. Reflections points for layered
structure (Fig. 4.22c) were identified as coming from [0 0 2] and [0 0 4] graphite lattice layers
projected on [1 0 O] graphite lattice plane. As the projection on the [0 0 1] lattice plane does not
allow the direct observation of the atomic arrangement of the layer, we cannot determine
whether the layers contain substitutional boron atoms or are totally build up from carbon only.
The structure of the core part of the sample is more complex. It shows many graphite stacking
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fault (SF) (Fig. 4.22b), similar to those observed and described by Chen et al. [4.10]. The
dispersion of layers’ orientation results in noisy FT signal (Fig. 4.22d). However, three lattice
planes: [1 0 -2], [0 0 3] and [1 O 1] (projected on [0 1 O] plane) can be identified. They are
characteristic for boron carbide (B4C) structure.

vacuum

layered
- carbon

Figure 4.22. HRTEM images of thermally activated sample with 5.3 wt.% of B. a) sample fragment
containing three different material organisations: core structure, layered (graphitized)
carbon and overlapping structures; b) stacking fault defect (SF) in boron carbide structure;

c) and d) diffraction patterns of layered carbon and core structure, respectively.

Fig. 4.23 presents the HRTEM (Fig. 4.23 a,b) and EELS (Fig. 4.23 c,d) images of the selected

fragment of the activated sample containing 5.3 wt.% of boron, similar to the one presented on
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Fig. 4.22. The presence and location of boron and carbon atoms can be affirmed by comparing
the HRTEM images and EELS boron and carbon maps. The large core structure from Fig. 4.23a
contains boron atoms, whereas the lamellar structure surrounding it is formed only by carbon
atoms. In the same way, small onion-like boron structures appearing inside the core structure
contain boron but are surrounded by the shells made of layered carbon. They are clearly visible
on Fig. 4.23c, where they appear as small clear rings located at the same place where boron

agglomerates appear.

20 nm layered carbon 20 nm

Figure 4.23. EELS analysis of thermally activated sample with 5.3 wt.% of B; a) HRTEM image of
sample fragment containing core-type structure and b) zoom on analysed nanostructure; c,

d) EELS carbon and boron map, of the sample fragment shown on Fig 4.23a.

89



4.3.1.4. XRD measurement

The structure of three thermally activated samples (all-carbon sample, and two boron
containing samples with 23.3 and 5.3 wt.% of boron, respectively) was analysed using XRD.
The samples were placed inside the capillary of 0.7 mm of diameter and exposed to the X-Ray
radiation (4 = 0.15418 nm) for 20 minutes. Collected diffractograms were analysed using
Crystallography Open Data base with Mercury program support. Fig. 4.24 presents the XRD
pattern of thermally activated carbon sample. Four peaks, located at 20 = 26.50, 42.46, 44.61
and 54.65, perfectly correspond to hexagonal graphite structure of symmetry P63/mmc. They
come from the reflexions from (0 0 2), (1 0 0), (1 0 1) and (0 O 4) graphite planes (given in
Miller indexes (hkl)). The origin of the strong signal appearing below 26 = 10 was investigated
previously by Lee et. al [4.11] and Braun et. al [4.12]. They both concluded that the signal
appearing at the lowest angles (up to 260 = 4) indicates that the sample is porous. The intensity
of this signal increases in mesoporous samples. However, this signal may also indicate the

presence of nanoparticles in the sample. If this signal is broad, the sample is mostly amorphous.
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Figure 4.24. XRD pattern of thermally activated carbon sample. The insert shows a 3D picture of lattice
planes. The hexagonal ring of carbon atoms is marked in yellow. Lattice planes (0 0 2) and
(0 0 4) are parallels to the graphene surface, whereas (1 0 0) and (1 0 1) planes are

perpendiculars to it.
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Fig. 4.25 and 4.26 show the diffractograms of two boron-containing activated samples
with the lowest (5.3 wt.%) and the highest (23.3 wt.%) boron concentration; for comparison,
the diffractogram of pure carbon sample is also shown.

Even for the smallest boron content, the difference between diffractograms is noticeable
(Fig. 4.25). The peaks related to graphitic organization, indexed (10 0), (10 1) and (0 0 4) are
still present. The intense signal 26=26.48 corresponds to (0 0 2) lattice plane in graphite. We
have not succeeded to identify the shoulder peak at 26 = 26.08. The small signals collected
above 20=40, at 20 = 37.89 and 20 = 53.25 correspond to lattice planes (2 0 -1) and (2 0 5) of

boron carbide structure.
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Figure 4.25. XRD diffractogram of thermally activated sample with 5.3 wt.% of B; for comparison, the
diffractogram of pure carbon sample is also shown. The peaks corresponding to graphitic
structure are marked in black: those corresponding to boron—containing structures are

given in red.

The diffractogram of activated sample with the highest boron concentration (Fig. 4.26)
contains also the signals from graphitic structure (at 20 =26.53 (0 0 2), 42.69 (1 0 0), and 54.73
(00 4)). The peak corresponding to (1 0 1) plane disappeared; it means that the vertical stacking
of graphene layers has been disturbed. The graphite stacking ABAB is not conserved anymore.
As the concentration of boron increased, more signals that can be tentatively assigned to boron-
containing structure appear. The peaks at 2© = 35.02, 37.83, 42.69, and 53.60 have been
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attributed to boron carbide nanocrystals (lattice planes (1 0 4), (2 0 -1), (1 0 -5), and (2 0 5),
respectively). Two of these peaks have been already observed for the sample with lower boron
concentration pattern (Fig. 4.25). Furthermore, the broader peak located at 20 ~ 43 was
attributed to coexisting boron (1 0 -5) and carbon (1 0 0) structures. The signals appearing at
20 =14.65 and 26 = 28.03 can be tentatively identified as corresponding to the reflexions from
the lattice planes (110) and (220) of tetragonal bulk boron nanocrystals with symmetry
P42/nnm). The signals at 26=14.38 and 206=28.71 are not included in XRD database.
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Figure 4.26. XRD diffraction pattern for the thermally activated sample with 23.3 wt.% of B; for
comparison, the diffractogram of pure carbon sample is also shown. The peaks
corresponding to graphitic structure are marked in black: those corresponding to boron—

containing structures are given in red and tetragonal boron structure is marked in green.

Fig. 4.27 summarizes the above-described observations. (i) The intense the signal at low
20 values (of ~3), is a signature of sample porosity; (ii) The intensity of the additional peak
appearing at the shoulder of carbon signal at 26 ~26 also increases with boron concentration.
As in general the signals related to boron structures do not appear in this 26 range, this peak
can result from a new carbon structure that develops in the presence of boron. (iii) The intensity
of signals from boron carbide (at 26 = 35.01 and 26 = 37.83) increases with boron

concentration.
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Figure 4.27. Comparison of XRD patterns for thermally activated samples: soot, 5.3 wt.% of B and 23.3
wt.% of B in three different 20 ranges: a) 1 <260 < 6; b) 23 <26 <39 and c) 33 < 26 < 60.

4.3.1.5. BC and 'B MAS NMR of thermally activated boron-carbon samples

Figure 4.28 shows ¥C MAS NMR spectra of all thermally activated boron-containing
samples. All spectra consist in a one broad line, extending from 0 ppm to 250 ppm. Although
the sample has been rotated at frequency of 10 kHz, the peaks from different residues are not
resolved. This result is not typical for the one observed for organic materials, where usually the
spinning rate of 2.5 kHz is sufficient to resolve the fine structure of the sample spectrum.
Apparently, higher spinning rate is necessary in the case of prepared samples. Additionally, the

spinning side bands (marked by * on Fig. 4.28) appear exactly at the bottoms of observation
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windows and their replica merge with sample signal, that makes the spectrum analysis even

more difficult.
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Figure 4.28. *C MAS NMR spectra for thermally activated boron-carbon samples; 23.3 wt.% (blue),
19.9 wt.% (red), 11.3 wt.% (green), 5.3 wt.% (violet). The positions of resonances for sp?

and sp® carbons are indicated by the grey lines.

The observation of unresolved MAS NMR spectrum is usually a sign of amorphous
structure of the sample. Such a broad **C signal (extending from 0 to 150 ppm) was already
observed for amorphous carbon by Kim et al. [4.13] (the authors used the MAS rate varying
from 11 kHz to 14 kHz).

To get more insight into the origin of this signal we performed a deconvolution of the
spectra from Fig 4.28. We were assumed the Gaussian shape of the peaks. To compare the
spectra of different samples, the intensity of each spectrum was normalized to value of 10 (in
relative units). Each spectrum can be decomposed four major peaks, located around 200 ppm,
150 ppm, 130 ppm, and 75 ppm (Fig. 4.29). According to data reported in the literature [4.13,
4.16] and collected on a large variety of crystalline and amorphous carbon materials, the signals
at chemical shift 130 ppm and 62 ppm correspond respectively to carbon sp? hybridization
(typical for graphene like structures) and sp® (tetragonal, out of plane) hybridization. The lines
located between 150 and 200 ppm could be attributed to the —C=0 groups, for which the signals

appear usually around 180 ppm.
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The intensity of signal at 130 ppm increases when concentration of boron inside the
sample decreases. It means that there is higher quantity of sp? hybridized carbons when the
concentration of boron in the sample is low. On the contrary, the signal at 75 ppm, typical for
sp? carbon hybridization broad and intense for sample with 23.3 wt.% of boron, splits and
disappears for low boron concentrations. We can expect that this signal results from sp® carbons
being a part of boron-carbon structures like B4sC, where boron is located out of carbon plane
and carbon-boron geometry becomes more tetragonal. The intensity of both signals located

around 200 ppm and 150 ppm and tentatively related to the carbon-oxygen bonds are fluctuating
independently on boron concentration.
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Figure 4.29. Deconvolution of *C MAS NMR spectra for thermally activated boron-carbon samples

with different boron concentrations: a) 23.3 wt.%, b) 19.9 wt.%, c¢) 11.3 wt.%, d) 5.3 wt.%.

Fig. 4.30 shows the !B MAS NMR spectra of the same samples. Spinning side-bands
(marked by *) are separated from the main peak by the distance corresponding to spinning

frequency (10 kHz). As expected, the intensity of the !B signal increases with boron
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concentration. According to Shirasaki et al. [4.4] (left upper corner of Fig. 4.30) the main signal
corresponds to homonuclear B-B dipolar interaction in the boron carbide type structure. The
peak at the shoulder of the main resonance, appearing at -10 ppm can originate from isolated

boron atoms and their second-order quadrupolar interaction with carbon [4.4].
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Figure 4.30. 'B MAS NMR spectra for thermally activated boron-carbon samples; 5.3 wt.% of B
(violet), 11.3 wt.% of B (green), 19.9 wt.% of B (red), 23.3 wt.% of B (blue). The insert
shows B MAS NMR spectra of B4C and BxC1.x deposited at 1140 C [4.3].

Each spectrum from Fig. 4.30 was deconvoluted with Gaussian functions; the results
are shown on Fig. 4.31. The main signal, identified as a boron carbide resonance, is located at
the same chemical shift of -25 ppm in all samples. For both samples with the highest boron
concentrations (23.2 wt.% and 19.9 wt.%) (Fig. 4.31 a,b) it is the dominant line of the spectrum.
For lower boron concentrations (11.3 wt.% and 5.5 wt.%) the spectrum can be decomposed in
three additional signals appearing at 10 ppm, -15 ppm and -55 ppm (Fig. 4.31 c,d). We have
not identified the origin of these lines. They correspond probably to different interactions
between dispersed boron atoms and carbons. The signal at -10 ppm broadness and its intensity

is increasing when the boron concentration decreases.
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Figure 4.31. "B MAS NMR spectra for thermally activated boron-carbon samples: a) 23.3 wt.%, b)
19.9 wt.%, c) 11.3 wt.%, d) 5.3 wt.%.

4.3.1.6. Hydrogen adsorption in thermally activated boron-carbon samples

We have also determined the isosteric heat of hydrogen adsorption for thermally
activated boron containing carbons. Before adsorption experiment, all samples were degassed
at 250 "C in high vacuum for 12 h. In each case the sample mass was between 100 mg to 135
mg. The volumetric adsorption experiment was performed using BELSORP apparatus equipped
with cryostat which allows to carry out the measurements at well-defined low temperatures.
The samples’ dead volume was measured using nitrogen gas; its value varied between 35 to 37
cm®. Hydrogen adsorption isotherms were measured at 67 K, 77 K and 87 K (Fig. 4.32).
Between the experiments at different temperatures hydrogen was evacuated from the samples
by pumping at room temperature. We assumed that at low pressures the excess and total

adsorbed volumes are nearly identical.
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Figure 4.32. Hydrogen adsorption isotherms at 67 K, 77 K and 87 K, for all thermally activated boron-

carbon samples.

The isosteric heat of adsorption was calculated from Clausius-Clapeyron equation (4.1)
according to the procedure described in paragraph 4.2.1.4, using the slope of In(p) versus 1/T
at constant adsorbed amount. The calculated isosteric heat was then plotted in a function of
volume of adsorbed gas (Fig. 4.33). The highest adsorption energy was obtained for activated
samples containing 11.3 wt.% (8.15 kJ/mol) and 5.3 wt.% (8.17 kJ/mol) of boron The isosteric
heat for activated samples containing 23.3 wt.% and 19.9 wt.% of boron is slightly lower, 7.05
kJ/mol and 7.67 kJ/mol, respectively. This small difference in adsorption energies (not larger
than 1 kJ/mol) can be due to small morphological differences between the samples. In general,
the calculated values are lower than those obtained on not-activated samples (4H =9.06 kJ/mol,
paragraph 4.2.1.3). Although this difference is not large, it is difficult to attribute it only to the

differences in precisions of the experiments used in both cases (gravimetric and volumetric) for
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non-activated and activated samples, respectively. It is more plausible that sample activation at
ambient atmosphere blocked the access to the sample parts with the highest binding energies or
have saturated them. The first possibility seems to be supported by the observation of very low

porosity and sample surface after activation.
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Figure 4.33. Isosteric heat of adsorption calculated from Clausius-Clapeyron equation for all thermally
activated boron-carbon samples a) 23.3 wt.%, b) 19.9 wt.%, c) 11.3 wt.%, d) 5.3 wt.%.

4.3.2. Chemical activation

As the thermal activation of boron-containing carbons obtained by electric arc discharge
appeared inefficient, we decided to test the efficacy of chemical activation of these materials.

This chapter describes the procedure of chemical activation with KOH and its influence on
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sample morphology and adsorption properties. All presented results were obtained for sample

containing 11.3 wt.% of boron.

4.3.2.1. Chemical activation procedure

As for pure carbon samples, our protocol of chemical activation of boron containing
samples was based on procedure proposed by Romanos et al. (see chapter 3.3.2). First, 200 mg
of sample powder was mixed with KOH in 1:3 weight ratio in porcelain mortar. Then, the
mixture has been placed inside the furnace in the ceramic crucible and heated up to 800 'C with
temperature ramp of 5 “C/min under nitrogen gas flow (500 ml/min). After two hours of

annealing at 800 "C the heating has been turned off and the sample cooled down by itself.

As the samples contained boron, the procedure of removal of unreacted KOH from
activated sample had to be performed with a special care. In fact, a secondary reaction of KOH

with boron in presence of water can occur:

B+ KOH + H,0 —» KBO; + H)

leading to the production of gaseous hydrogen. To avoid KBO3 and hydrogen formation, during
the sample rinsing with distilled water a neutralizing agent (37% diluted HCI (pH= 3.5)) was
added in drops into the solution until pH= 7 was reached. However, at the very beginning of
the rinsing procedure, before HCI addition we have always detected gaseous hydrogen. This
fact suggest that our sample contains a not-negligible fraction on boron that can easily react
with KOH. It means that either (i) the arc—produced samples contain a not-negligible fraction
of unreacted boron powder (not incorporated into carbon structure), (ii) a fraction of boron
atoms was released during sample activation, (iii) during the synthesis some particles of boron

carbides (i.e. B4C) have been formed and were easily accessible for molecules of reactant.

After neutralization with HCI the sample was additionally rinsed five times with
distilled water to remove the formed KCI salt, and then annealed during approximately 2 hours
at the temperature of 120 "C, until the total evaporation of liquid. The remaining black powder

had a mass of 185.5 mg; it means that the sample lost 7% of its weight during activation.
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4.3.2.2. Morphology of activated samples

The morphology of boron-carbon activated sample was examined using SEM
microscopy. Surprisingly, the observed structures (Fig. 4.34 a,b) are totally different from those
usually observed in activated carbons that show large number of open pores and have specific
surface area over 2500 m?/g. Here the sample fragments seem to be composed of agglomerates
of the size around 1 um, parched, and apparently non-porous (Fig. 4.34b). Such morphology
suggests that the specific surface areas of the sample is low. In addition, on the surface of
agglomerated particles smaller formations are observed. They appear as bright spots (Fig.

4.34c), or as well-organized needles of the lengths of 100 um and more (Fig. 4.34d).

a)

Figure 4.34. SEM images of chemically activated boron-carbon sample with 19.9 wt.% of B. a,b —

sample surface showing agglomerates of the size of ~1 um; c, d — bright spots on the

surface agglomerates and needle-like structures of the length of more than 100 pum.

To get the information about the chemical nature of observed structures (in particular,
that of the thin film of powder that seems to cover the surface of agglomerates), EDS
measurements were carried out. Fig. 4.35a shows the chemical composition of the sample
fragment presented on Fig. 4.34d. After activation, more element is present in the samples that
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initially contained only carbon (and boron, not discernible from carbon in EDS experiment),
and oxygen (Fig. 4.35b, Fig. 4.35e). Potassium (10 at.%, Fig. 4.35c) and small amount of
chlorine (0.6 at.%, Fig. 4.35d) impurities are the residues of chemical activation with KOH, and
solution neutralization with HCI. They were not properly removed from the sample after
activation. It indicates that the applied rinsing protocol is not sufficient/efficient, especially to

remove potassium, that covers a significant part of the sample surface.

Small amount of silicon (~1 at.%, Fig. 4.35g) and aluminium (less than 0.5 at.%, Fig.
4.35h) appear simultaneously at the same locations. They can be reasonably attributed to the
traces of aluminosilicates introduced during grinding of the sample and KOH in the porcelain
mortar. They are not removed from the sample by rinsing and cover the sample surface forming
a thin powder film. Again, it suggests that the rinsing protocol has to be improved. One of the
possible solutions is to sonicate the rising solution, to minimize the powder deposition on

sample that we want to recover.

Needle —like structures contain mostly calcium, oxygen, silicium and aluminium (Fig.
4.35a-h). Similar structure was observed by Rohanova et. al [4.14] and identified as a CaO -
SiOz crystals. Calcium (~9 at.%) was probably introduced either from porcelain mortar (during
sample grinding) or from impure distilled water. As all manipulations were executed at ambient
atmosphere, oxygen is present all over the sample. Depending on place of detection, the oxygen

fraction in the observed area varies from 20 at.% to 77 at.%.
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Figure 4.35. EDS images and atomic composition of sample fragment from Fig. 4.34d, containing
needle-like structure; a) global representation of atomic composition, b) carbon (and boron), c)

potassium, d) chlorine, €) oxygen, f) calcium, g) silicon and h) aluminium maps.

4.3.2.3. Porosity measurement

The porosity of chemically activated sample was determined from isotherms of nitrogen
adsorption measured at T = 77 K (Fig. 4.36). According to IUPAC classification all isotherms

are of 11b type, characteristic for non-porous or macroporous adsorbents [4.15]. The sharp rise
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of the adsorbed amount at low pressure (up to so called ‘knee’ or point B of the isotherm)
corresponds to the formation of monomolecular layer of adsorptive on the sample’ surface. At
higher relative pressures p/p® the isotherm becomes quasi-linear. Such behaviour is
characteristic to unrestricted multimolecular adsorption. The narrow hysteresis loop between
adsorption and desorption branches of the isotherm that opens at the relative pressure p/p°~ 0.4
is usually the result of inter-particle capillary condensation with non-rigid aggregated samples
[4.15]. Therefore, adsorption measurements confirm that the porosity is created mainly by the

mesoporous space between the agglomerates.
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Figure 4.36. N, adsorption isotherm of boron-containing sample with 11.3 wt.% of B, activated with
solid KOH.

Fig. 4.37 shows the distribution of pore sizes, determined using the Horvath-Kawazoe
method [4.15] and assuming slit shape of the pores. The chemically activated sample contains
mainly very narrow pores, of diameter from 6 A to 8 A. The micropore volume, estimated using

t-plot method, is, as expected, low, around 0.11 cm®/g.

The specific surface area of the sample calculated using BET method is also low, around
420 m?/g. However, this value is 2 times larger than that of sample before activation (220 m?/g).
This is mainly due to the increase of micropore area (from 40 m?/g to 230 m?/g), whereas the
external surface remained almost the same (~180 m?/g before and after activation). Even those,
this result is disappointing, as our goal is to prepare boron containing activated carbons with
the specific surfaces larger than 3000 m?/g. A better activation protocol has still to be

developed.
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Figure 4.37. Pore size distribution of chemically activated boron-containing sample calculated from the
Horvath-Kawazoe method and assuming slit shape of the pores; point marked with asterisk

* is an artefact.

4.4. Summary

Synthesis of boron-carbon structures can be carried out by using electric arc discharge.
Since boron is an insulator, the synthesis should be carried out under inert gas atmosphere and

the pressure above 660 mbar (up to 800 mbar) to maintain plasma inside the reactor chamber.

The synthetized powder contains amorphous carbon and boron-like domains. HRTEM
and XRD measurements indicate that the domains consist in boron carbide nanocrystals of ~10
nm of diameter, surrounded by graphene layers. According to MAS NMR results, they can also

contain other boron compounds, such as BCs or boron nanoparticles.

Before activation boron-carbon samples have low SSA (around 200 m?/g) and low
microporous volume (0.02 cm®/g for sample with the lower boron concentration). Activation
(in particular chemical activation with KOH) slightly increases the porosity of boron-carbon
powder. The SSA increases up to 420 m?/g; microporous surface occupies 230 m?/g which
correspond to 80% increase with respect to its initial value. However, the result lowest than
expected, probably due to the presence of boron-containing nanocrystals in the sample.
Furthermore, we noticed that the activation procedures introduce many impurities into the
samples and require optimization in terms of compounds and equipment used during the

experiments.
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Boron-carbon samples show high hydrogen adsorption energy, up to 9 kJ/mol. The

energy is at least 60% higher than the one typical for activated carbons (4-6 kJ/mol).
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CHAPTER §

Final conclusions and perspectives

We have shown that both: all-carbon and B-substituted carbon (BC,) porous structures
can be synthetized during the electric arc discharge between graphitic electrodes containing (or
not) boron powder. The boron content in the resulting BC material can be finely controlled in
the range from 0 to 25 wt.% by modyfing the boron content in the anode, and without
compromising the continuity of electric discharge. The structure of produced carbons depends
on the pressure of the inert gas (helium) inside the reaction vessel. At pressures close to 1 atm
organized, closed carbon structures (fullerenes, nanotubes, nano-onions) are mainly formed,
whereas at lower pressures (600-800 mbar) the reaction products contain mainly graphitized
open structures. Low pressure of the gas inside the reactor does not have significant influence
on porosity of produced material. The distribution of boron in the final products is not
homogeneous. In addition to substitutional boron, boron clusters or nanocrystals were observed
in all samples, independently on boron concentration in the electrode. Therefore, an additional
experimental effort is necessary to improve the homogeneity of boron distribution and to
increase the ratio of substitutional boron atoms in the graphitic structure. A ‘brute force’
approach would consist in systematic changing of synthesis conditions (type of gas in the
reaction chamber, electric current during the discharge, composition of cathode...), seeking for
the experimental parameters ensuring the desired boron dispersion in the synthetized material.
Another way that we suggest is to explore the possibility to prepare the boron containing
electrodes by compression of finely grinded, boron-graphite powders. This study was out of

technical possibilities of the present work but should be performed in the future.

The as-prepared powders have low specific surface areas, of the order of 200 m?/g and
require activation. The efficacy of thermal and chemical activations has been tested for both:
carbon and BC, samples. Thermal activation at optimized conditions (annealing in air at 400
°C for 4 hours) allowed to increase the surface area of the pure carbon samples up to 1000 m?/g.
This result can be probably further improved by carrying out the activation under dynamic (and

not static) atmosphere, and changing the activation gas (steam, Ar, or CO> instead of air)

It was impossible to activate the BC, powders: for all activation temperatures and
annealing times the specific surface area increased insignificantly, up to ~ 300 m?/g. We

attribute this behaviour to the presence of boron clusters partially incorporated into carbon
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network and preventing the activation agent (oxygen) to penetrate between carbon layers. The
HRTEM and XRD analysis confirmed that the clusters (of the diameters up to 15 nm) are
composed of stable boron carbide (B4C) nanocrystals. We conclude that it will be difficult to
remove them from the sample by any post-synthesis treatment, and stress again that there is the
synthesis procedure that should be modified to avoid their formation in the future studies.

Similarly, chemical activation with KOH base appears to be efficient on pure carbon
samples, but not on BC,, samples. The increase of specific surface area of boron containing
samples depends on nominal content of boron in the material to activate and decreases for
samples with higher boron concentration. This observation confirms our conclusions presented
above: the penetration of activation agent between the graphene layers is limited when the pore
entrance is obstructed by boron nanocrystals. Moreover, the activated samples contain a large
number of impurities of various chemical nature (mainly calcium, aluminium and sodium),
transferred probably during activation process from laboratory equipment (ceramic and metal
mortars), and solvents used. Therefore, we consider that the protocol of chemical activation in
solution, commonly used to produce activated carbons needs to be rewritten to avoid the use of
solvents and optimized for solid state reactions. Ball milling technique, commonly used to
homogenise the composition of the powders’ mixtures and unify the size of nanoparticles may
be a part of this new protocol, but the ball material has to be tested to avoid its transfer to the

grinded samples.

The characterization techniques used in the present work (SEM, TEM, HRTEM, EELS,
XRD) allowed the characterisation of morphology, crystallinity, and the distribution of boron
atoms within the synthetized materials. The determination whether the boron atom is covalently
bonded to the carbons and occupy a substitutional position in the graphene honeycomb structure
is more difficult. A partial confirmation of the presence of C-B bonds in the prepared structures
was obtained from HR NMR measurements. To better define atomic connections in the BCh
samples, the NMR study have to be completed by other measurements that are able to sense

local environment of atoms (i.e. IR and Raman spectroscopy).

The most important result of the present work is the demonstration that boron containing
nanoporous carbons prepared by electric arc discharge have isosteric heat of hydrogen
adsorption of the order of 9 kJ/mol, almost twice as high as unsubstituted activated carbons (~5

kJ/mol). This result is reproducible and confirms theoretical and numerical studies suggesting
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that activated carbons containing substitutional boron atoms in the graphene structure are today

potentially the best candidates to store hydrogen by physical adsorption.
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Summary

The intensive use of fossil fuels and the emission of combustion products (mostly CO») to air
have already impacted global climate. We urgently need to find a technological solution to convert the
global energy economy towards cleaner and renewable fuels. A possible solution consists in using
hydrogen as energy vector. Today this technology is limited by the absence of material that could
efficiently store hydrogen at ambient temperature and moderate pressures.

In this project we explore the possibility to prepare a new material for reversible hydrogen
storage by physisorption: boron-substituted nanoporous carbons. We show that electric arc discharge
synthesis may be optimized to produce graphitized structures with a variety of graphene fragment sizes,
forms, and interconnections between them. The morphology, structure, chemical composition, and
homogeneity of boron distribution over the carbon samples were characterized using SEM, HRTEM,
EELS, and XRD techniques, and HR solid state NMR. The porosity and adsorption parameters were
determined from isotherms of nitrogen adsorption at T = 77 K.

Two parameters that are essential for efficient hydrogen storage at ambient conditions are
sorbent specific surface and the energy of gas adsorption at this surface. We show that material specific
surface can be controlled and increased by thermal and/or chemical activation to enhance storage
capacity, and that hydrogen adsorption energy in boron containing samples is twice as high as in all-
carbon material.

Résumeé

L'utilisation intensive des combustibles fossiles et 1’émission des produits de leur combustion
(principalement du CO;) dans l'air ont déja impacté le climat mondial. Trouver des solutions
technologiques permettant la conversion de I'économie mondiale aux carburants propres et
renouvelables devient urgent. Une de possibilités consiste en utilisation de I’hydrogéne comme un
vecteur d’énergie. Aujourd’hui elle est limitée par ’absence d’un matériau permettant son stockage a
des températures ambiantes et a des pressions modérées.

Dans ce projet, nous explorons la possibilité de préparer un nouveau matériau pour un stockage
réversible de 1’hydrogéne par physisorption : les carbones nanoporeux substitués au bore. Nous
montrons que la synthéese en arc électrique peut étre optimisée pour produire des structures graphitisées,
avec la variété de tailles, de formes et d'interconnexions entre les fragments de graphéne. Leur
morphologie, structure, composition chimique et homogénéité de la distribution de I’hétéroatome dans
la structure carbonée ont été caractérisés par les techniques SEM, HRTEM, EELS, XRD et spectroscopie
RMN. La porosité et propriétés adsorptives ont été étudiées en utilisant les mesures d’adsorption de
I’azote a T=77 K.

Les deux parameétres essentiels pour un stockage efficace de 1’hydrogéne dans les conditions
ambiantes sont la surface spécifique de 1’adsorbant et I’énergie avec laquelle les molécules du gas sont
adsorbées sur cette surface. Nous montrons que la surface spécifique d’adsorption peut étre controlée et
augmentée par une activation thermique ou chimique pour optimiser le stockage, et que la présence du
bore dans les structures carbonées permet de doubler 1’énergie d'adsorption d'hydrogéne du matériau.



