DISSERTATIONES
CHIMICAE
UNIVERSITATIS
TARTUENSIS

176

RASMUS PALM

Carbon materials for energy storage
applications




DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS
176



DISSERTATIONES CHIMICAE UNIVERSITATIS TARTUENSIS
176

RASMUS PALM

Carbon materials for energy storage
applications

b

Il UNIVERSITY oF TARTU
o Press



Institute of Chemistry, Faculty of Science and Technology, University of Tartu,
Estonia

The dissertation is accepted for the commencement of the degree of Doctor of
Philosophy in Chemistry on 5" June, 2018 by the Council of Institute of
Chemistry, University of Tartu.

Supervisors: Prof. Enn Lust
University of Tartu, Estonia

PhD Heisi Kurig
University of Tartu, Estonia

Opponent: Dr Martin Ménsson
KTH Royal Institute of Technology, Sweden

Commencement: August 28", 2018, 10:15

* X %
* *
* *
* *
* 4 *
J m——,

European Union Investing
European Social Fund in your future

ISSN 1406-0299
ISBN 978-9949-77-793-8 (print)
ISBN 978-9949-77-794-5 (pdf)

Copyright: Rasmus Palm, 2018

University of Tartu Press
www.tyk.ee



Eldmd on kdrsimystd
—Siiri Mari Tellervo Hyttinen






TABLE OF CONTENTS

1. LIST OF PUBLICATIONS ..ot 9

2. ABBREVIATIONS AND SYMBOLS ..o 10

3. INTRODUCTION ..ot 14

4. LITERATURE OVERVIEW ....cccoiiiiiiieiiec e 16

4.1. Porous carbon Materials .........cccooeeiiiiiiiiinieseee s 16

4.1.1. Carbide-derived Carbons ...........ccoocvviereiieeienie e 16

4.1.2. Carbon fabriCs ......cooviiiiriiiee e 17

4.2. Characterisation of carbon materials ............ccocvvvviriininininiiene 17

4.2.1. GaS AUSOIPLION ..oveiiiieiiiieeeeee e 18

4.2.2. Raman SPECIIOSCOPY ..o.verveerrerrerieererreseesresreesnesreeseesnesneenesnesns 21

4.2.4. X-ray photoelectron SPeCtroSCOPY .......ccovvevererieeruesieseesvennnan, 22

4.2.3. X-ray diffraCtion .........ccooeieieiiiiiinieeee e 23

4.3. Applicability of carbon materials in energy storage systems............. 24

4.3.1. Electrical double layer capacitors ...........cccccevveiiveveinieeniennnn, 24

4.3.1. Methane adsorption ........ccccccceevvevinicie s 30

4.3.2. HYdrogen STOTage ........cceeerveieeeriniesiesiesie e e 33

5. AIM OF THE STUDY ..ottt 37

6. EXPERIMENTAL ..ooiiiiiiieieieieee ettt 38

6.1. Preparation of CDC materialS ..........ccccooviiiiieiiiii e 38

6.2. Synthesis of scaffold supported NaAlH, composite materials ......... 38

6.3. Surface characterisation via N, and CO, adsorption technique ....... 39

6.4. RamMan SPECLIOSCOPY ...vvvevereririeiieeesieesiteeesireesteeessseessreesssaessnseesnsneens 40

6.5. X-ray photoelectron SPeCtrOSCOPY .......ccoververrerrerieiieisinese s 41

6.6. X-ray diffraCtion .........cccceiiiiiiiie e 42

LT O o A To o] 1 ] £ 0] KSR 42

6.8. Electrode MaterialS ..........cccvevereiieriiiiiee e 43

6.9. Electrochemical measurement and analysis ..........cccoovvvriininenennenn. 43

7. RESULTS o s 45
7.1. Electrochemical measurements of carbon fabric and carbide-

derived carbon eleCtrOUES .........coccveveveeieie e 45

7.2. Methane adsorption on carbide-derived carbons ...........ccccccceveevenane. 51

7.3. Complex metal hydride/carbon composites .........cccccoeveveveieeiiennnane. 55

S O o [1 ] o] TSR 58

8. SUMMARY ..ottt ettt st 60

9. REFERENCES ..ottt 62

10. SUMMARY IN ESTONIAN ..o 72

11. ACKNOWLEDGEMENTS ... 74



12. PUBLICATIONS ..

CURRICULUM VITAE ..o

ELULOOKIRJELDUS



1. LIST OF PUBLICATIONS

R. Palm, I. Tallo, T. Romann, H. Kurig, Methane adsorption on specially
designed TiC and Mo,C derived carbons with different pore size and
surface morphology, Microporous Mesoporous Mater. 218 (2015) 167—
173. doi:10.1016/j.micromeso.2015.07.016.

R. Palm, H. Kurig, T. Romann, U. Joost, R. Kanarbik, R. Vili, I. Tallo, T.
Thomberg, A. Janes, E. Lust, Application of Some Carbon Fabrics as
Outstanding Supercapacitor Electrode Materials in Acetonitrile Based
Electrolyte, J. Electrochem. Soc. 164 (2017) A453-A460. doi:10.1149/
2.0831702jes.

R. Palm, H. Kurig, J. Aruvili, E. Lust, NaAlH,/microporous carbon com-
posite materials for reversible hydrogen storage, Microporous Meso-
porous Mater. 264 (2018) 8-12. doi:10.1016/j.micromeso.2017.12.027.

Author’s contribution
Paper I: Adsorption measurements and analysis of data. Mainly responsible

for the preparation of the manuscript.

Paper Il:  Electrochemical and adsorption measurements and analysis of data.

Mainly responsible for the planning of experiments. Mainly
responsible for the preparation of the manuscript.

Paper Ill:  Synthesis of composite materials, adsorption and gas amount mea-

surements, and analysis of data. Mainly responsible for the
planning of experiments. Mainly responsible for the preparation of
the manuscript.



2. ABBREVIATIONS AND SYMBOLS
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Energy of incident photons
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Current normalized with the total mass of the electrodes
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International Union of Pure and Applied Chemistry

Imaginary number, J—_l
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Adsorption affinity at an infinite temperature
Correlation length

Full decay length of phonon

Mass of one electrode
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Total amount of adsorbed gas
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Specific surface are calculated according to the BET theory
Specific surface area calculated according to 2D-NLDFT-
HS model
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Specific surface area of micropores
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3. INTRODUCTION

The world community has almost unanimously come to an understanding that
fossil fuel based economy must be converted to a renewable energy based eco-
nomy to decrease the greenhouse gas emissions and to be sustainable for the
future generations [1]. With renewable energy sources, it is especially necessary
to provide energy accumulation systems to account for the fluctuating energy
production and unsteady energy demand. At the moment being, the technology
for energy storage is not developed enough to support a renewable energy based
society [2-5]. Thus, the development of energy storage systems capable of
supporting a renewable energy based economy is of critical importance.

Carbon materials are important for a multitude of energy storage applications
as carbon properties (specific surface area, porosity, conductivity, amount of
functional groups) can be controlled in a large degree by choosing the synthesis
conditions and the precursor materials used for the preparation of porous
carbons [6-9]. Porous carbon materials are used as electrodes in electrical
double layer capacitors (EDLC), batteries and fuel cells, as adsorbents for
gaseous fuel storage, as constituents of composite materials, etc. [9-12]. The
properties of carbon materials influence strongly their suitability for each speci-
fic energy storage application [11-15]. It is important to establish well-opti-
mized properties for each application to lower the cost and improve the
performance of carbon materials in energy storage applications.

The relations between the specific surface area and pore volume vs. the
amount of adsorbed species in various energy storage applications are of
principal importance for optimized energy storage systems. The relations have
been investigated, e.g. the electrode specific surface area vs. capacitance for
EDLCs, the pore volume vs. the amount of adsorbed gas for energetically im-
portant gas storage applications, etc. [11-13]. In the range from low to mediocre
surface areas a linear correlation is found between the amount of adsorbed
species and between the specific surface area [16-19]. However, in the region
of high specific surface area values, the linear relationship does not hold, i.e. the
amount of adsorbed species does not depend linearly on the specific surface
area calculated from the gas adsorption isotherms. Therefore, it was assumed
that the influence of pore size of carbon materials in various energy storage
applications has an important role [13,15,20-24]. For example, the influence of
the pore size on the capacitance per specific surface area of ELDCs is still under
investigation, without a resulting consensus [15,25,26]. Whereas the influence
of carbon properties on performance has been investigated separately, there is a
limited understanding of the complex influence of multiple properties of carbon
materials on energy storage applications.

In this work, the influence of the properties of carbon materials on multiple
energy storage applications is summarized and further analysis is performed.
The influence of specific surface area and the pore size distribution determined
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by gas adsorption methods and the average carbon material correlation length
on the amount and equilibrium of energy storage is investigated primarily.

The suitability of microporous carbon fabrics as EDLC electrodes has been
investigated and compared to TiC derived carbon electrodes. The influence of
various carbon fabric properties, e.g. pore size and the pore size distribution,
specific surface area, and electrode thickness have been determined and
discussed [27].

Methane adsorption on three carbide-derived carbons with different pore size
distributions and levels of graphitization has been investigated. The influence of
pore size, specific surface area and the level of graphitization, i.e. disorder, on
the amount of methane adsorbed has been determined and discussed [28].
Further analysis on the influence of pore size, specific surface area and the level
of graphitization on the maximum amount of adsorbed methane and on the
adsorption equilibrium is done.

A highly microporous carbon, most pores with widths under 2 nm, has been
used as a supporting material to synthesize nanoconfined NaAlH,. The in-
fluence of highly microporous supporting material on the reversible hydrogen
storage applications has been investigated and discussed [29].

Based on these studies, advancement in the understanding of key carbon
material properties for energy storage applications is summarized. The carbon
materials properties important for optimization of efficiency and capability of
different energy storage systems are ascertained.
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4. LITERATURE OVERVIEW

4.1. Porous carbon materials

Porous carbons and other materials, i.e. materials with a substantial porosity and
specific surface area, are used in a wide variety of applications from filtration
systems, catalyst carriers, to electrode materials for various electrochemistry
applications [2,3,9-11,13,14,17,18,30-33]. Porous carbons make up one of the
most interesting set of materials from a wide selection of different porous mate-
rials. Carbon exists as different allotropes, e.g. diamond (sp® hybridisation),
graphite (sp® hybridisation and planar bonds), fullerenes and carbon nanotubes
(sp® hybridisation with nonplanar bonds) depending on the bonds between
carbon atoms. In addition to the old classical carbon allotropes (diamond and
graphite) new pure carbon structures are calculated theoretically and synthe-
sized [33]. Carbon materials can consist of a mixture of sp? (graphite-like) and
sp® (diamond-like) bonds, thus, forming an amorphous structure with a mixture
of hybridised carbon bonds [8,34]. Depending on the precursor material,
synthesis route, conditions of synthesis and after treatment methods the surface
and bulk structure of carbon materials can be varied by a wide margin. For
example, the heterogeneous microporous structure of activated carbons can
produce a very large specific surface area (theoretically up to 2965 m* g* for an
infinite double-sided graphene sheet) [35]. Most carbon materials are synthe-
sised by the pyrolysis of organic-based precursor materials, e.g. parts of vege-
tation, synthetic- and biopolymers, bio-oils, fossil fuels, fossil fuel products and
from many more compounds [36—39].

Key parameters for porous materials are the average pore size, specific sur-
face area and volume of pores. International Union of Pure and Applied Che-
mistry (IUPAC) defined pores according to the size as micropores (pores with
widths under 2 nm), mesopores (pores with widths between 2 and 50 nm) and
macropores (pores with widths larger than 50 nm) [40]. The surface and bulk
structure of carbon materials have a strong influences on the suitability of
carbon materials for different applications. For example, high surface area
microporous carbon materials perform well as electrodes in EDLCs, but low
surface area graphitic carbon materials as an anode electrode in Li-ion batteries
[9,41]. The importance of the dominant pore shape of carbon materials in
various applications and classification has been debated [42-45]. The presence
of pores with variety of shapes and their influence on different applications is
not completely clear because any inference on the pore shape can only be made
by using neutron or synchrotron radiation based methods [43—46].

4.1.1. Carbide-derived carbons

Carbide-derived carbons (CDC) are produced from metal or non-metal (Me)
containing carbides (Me,C) by halogenation, thermal or hydrothermal pro-
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cessing. The following reaction is used to produce CDCs through chlorination
[33,47,48]:

Me,C(s) + xy/2Cly(g) — xMeCly(g) + C(s), @

where the gaseous by-products, xMeCl,, are guided through a neutralising
alkaline solution by the Ar flow. The sample is cooled down in Ar flow to
remove any by-products and unreacted chlorine gas. Any remaining chlorine
and functional groups are reduced in hydrogen gas flow at heightened tempe-
ratures. Using higher chlorination temperatures yields CDCs with a higher level
of graphitization [47-49]. CDCs can be synthesized with a narrow pore size
distribution and with a lower amount of functional groups in comparison to
activated carbons [47-50]. In addition to the synthesis conditions, the pore size
distribution of the synthesized CDC is influenced by the crystal structure of the
precursor carbide material [51,52]. The purity of CDC-s provides a higher
resistance towards chemical and electrochemical reactions. It has been shown
that CDCs are suitable materials for various applications, e.g. supercapacitor
electrodes, adsorbents, fuel cell electrodes etc.[20,25,49,53-55].

4.1.2. Carbon fabrics

Carbon fabrics are produced by weaving carbon fibres or by carbonisation of
pre-woven polymers. The polyacrylonitrile is most widely used as the precursor
material amongst polymers [56,57]. Carbon fabrics have high mechanical
strength, low density, and high thermal and electronic conductivity. Thus, they
are used in many different applications, where aerospace and automotive in-
dustries are the largest users. In addition to previously mentioned advantages,
the electrodes of EDLC made from carbon fabrics have no need for binder
additives, thus, the mass of electrochemically not active material is reduced. For
example, the high energy density in various electrolytes has been achieved for
EDLCs with carbon fabric electrodes [58,59].

4.2. Characterisation of carbon materials

The pore and bulk structure of carbon materials vary to a large degree de-
pending on the precursor material and synthesis conditions. Thus, carbon mate-
rials can exhibit diverse properties suitable for different applications. The
following characterisation methods are used to understand better the intrinsic
properties of carbon materials investigated.

Gas sorption methods are used to determine the specific surface area, volume
of pores and pore size distribution of carbon materials. Commonly, the N,
isotherms are used to derive named parameters [60,61].
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Raman spectroscopy is used to compare the level of ordering between carbon
materials and to determine the relative proportion of graphitic carbon in com-
parison to amorphous carbon. In addition, the Raman spectra are also used to
calculate and compare the average correlation length of investigated carbon
material [7,34,62-64].

X-ray diffraction (XRD) is used to determine the presence of crystalline
substances in/on carbon materials and to calculate the average crystallite sizes
of these substances [65,66].

X-ray photoelectron spectroscopy (XPS) is used to determine the chemical
composition of the surface, and hence, the presence of functional groups at/in
the carbon materials [67-69].

4.2.1. Gas adsorption

The physical adsorption of gases at isothermal conditions is used to characterise
the volume and size distribution of open pores and the available surface of solid
samples. The pressure of the analysis gas is raised stepwise during adsorption
measurements and the volume of adsorbed gas is calculated after each pressure
step. An adsorption isotherm, adsorbed volume, V4, VS relative pressure, p/po
is completed based on the measurement data. p, is the saturation pressure of the
adsorption gas, e.g. for N, p=0.97 bar at 77 K. The shape of the measured
adsorption isotherms depends on the structure of surface. The isotherms are
categorised into six types based on the shape and, thus, the porous structure of
the adsorbent [61,70].

In case of physical adsorption, only van der Waals forces between the
adsorbent and adsorbate contribute to the process. At equilibrium, the rates of
adsorption and desorption are equal and a certain fractional surface coverage, 6,
is achieved. Langmuir model describes adsorption into a monolayer and pre-
sumes the following [60,61,71,72]:

— the surface is energetically homogeneous,

— adsorption energy is constant over the surface,

— no diffusion of the adsorbed molecules,

— fixed adsorption centres,

— each adsorption centre can maintain only one molecule or atom,

— adsorbed molecules in neighbouring adsorption centres don’t interact with
each-other.

Langmuir isotherm is given as:

__Kp
0= (1+Kp)' @)
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E

ads

where K is the equilibrium coefficient and K = A%rhe( RTJ  E.g is the heat of

adsorption, A. is the pre-exponent coefficient, R is the ideal gas constant, T is
the temperature and p is the partial pressure of the adsorbate.

4.2.1.1. Brunauer-Emmett-Teller theory

In 1938 Stephen Brunauer, Paul Hugh Emmett and Edward Teller formed an
adsorption theory which was named after the authors as Brunauer-Emmett-
Teller (BET) theory [60,61,73]. Multilayer adsorption is taken into account in
the BET isotherm equation:

V — VmonOCBET p (3)

(- p)(ﬂ(CBET _1)(';:}} ,

where Viono is the amount of gas adsorbed in the monolayer at maximal
coverage and Cger is the BET constant.
Linearization of the BET equation yields:

1 _ 1 { CBET—ljﬁ @
vV (po _1j Vmono BET VmonocBET pO
ads
P
. 1 . p .
When plotting ———— on the y-axis and — on the x-axis the slope, s,
v [po —1} Po
ads
p
and the intercept, i, are equivalent to the following equations:
C.r -1
S = ( BET ) (5)
VmonoCBET
. 1
l=— (6)
VmonoCBET
Vmono €an be calculated from the acquired slope and intercept:
Voo = Q
S+I
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Thus, the specific surface area, Sger, can be calculated:

Voono N A2
Seer = mon{)/ A (8)

m

where N4 is the Avogadro number, a,, is the projected area of the adsorbate
molecule and V,, is the molar volume of the adsorbate gas. BET theory for Sger

calculation is applicable when p vs. _P_is linear and, thus, usually
Vads(po - p) Po
p/po range from 0.05 to 0.2 can be used.

4.2.1.2. t-plot method

Adsorbents with different specific surface areas yield similarly shaped ad-
sorption isotherms if they have similar surface characteristics and chemical
composition. Thus, nonporous standard materials can be found for every mate-
rial group to calculate the average adsorption layer thickness (t)) as a function of
the reduced pressure. This enables to determine the volume of micropores, the
presence of mesopores and thickness of the adsorbed layer in mesopores,
macropores and the external surface area by the use of t-plot method [60,61,74].

The amount of adsorbed gas of the investigated material is normalized to the
t,, acquired from the nonporous reference material, in the t-plot method. The
average thickness of N, adsorption layer is calculated according to the equation:

t = 3.54(Ej A, 9)

mono

where 3.54 A is the thickness of N, monolayer.

Vags VS 1) graph is called the t-plot. A nonporous material shows a straight line
on the plot. The micropore volume of a porous material can be acquired by
extrapolating the linear part to the Vg axis.

4.2.1.3. Density functional theory

In density functional theory (DFT) the local density profile, o(r), of a liquid is
modelled on the surface or in the pores of a solid material. Theoretical ad-
sorption isotherms characterizing porous solids are calculated from a set of
modelled p(r), i.e. kernel. The simplest DFT model is of a pore made up by two
endless parallel walls, i.e. the slit-shaped pore model [75]. A weighting function
is chosen for inhomogeneous confined fluids, which describes better the hard
sphere direct pair correlation. The applied model is hamed as a non-local den-
sity functional theory (NLDFT) [76,77]. The effect of finite size, different shape
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and surface roughness of pores has been investigated using various simulation
methods [78-82]. The most successful DFT model thus far, in regard to cor-
responding to experimental adsorption isotherms, is the two-dimensional non-
linear density functional theory for heterogeneous surfaces (2D-NLDFT-HS),
developed by Jagiello et. al. [83]. 2D-NLDFT-HS does not presume an energe-
tically homogeneous surface and takes into account the curvature of pores. The
mentioned modifications of the DFT model deal successfully with artifacts in
the pore size distributions, which were common for previous models [83,84].
Modelling experimental adsorption isotherms with a DFT model yields the pore
size distribution, i.e. the distribution of volume of pores and specific surface
area over a range of pore widths, Wy, €.9. differential pore volume vs. Wy in
Figure 2.

4.2.2. Raman spectroscopy

Incident near ultraviolet, visible light or near infrared electromagnetic wave can
scatter from a molecule. The scattering molecule is activated from the initial
vibrational energy level to a virtual higher vibrational energy level by the
scattered photon. Elastic scattering, where the molecule relaxes back to the
same initial vibrational level, is called Rayleigh scattering. Molecule relaxation
to a lower or higher vibrational energy level in comparison to the initial
vibrational energy level is called Anti-Stokes Raman scattering or Stokes
Raman scattering, correspondingly. Inelastic scattering changes the wavelength
of the photon, i.e. causes a Raman shift, and is typically reported as a wave-
number, Aw [85]:

AW=———= (10)

where g is the excitation wavelength and A is the wavelength of the scattered
light.

As the Raman scattering is caused by the chemical bonding and symmetry,
which cause scattering at certain Raman shifts, it can be used to detect certain
chemical compounds [86]. Carbon materials have a characteristic Raman spect-
rum, where the structural ordering of carbon materials influences the exact
makeup of the Raman spectrum. First order Raman scattering (from 1000 to
1650 cm™) from carbon materials using near infrared or visible light for exci-
tation is made up by two apparent wide peaks. The first peak, around 1340 cm™,
is called the disorder induced (D-peak) peak. The D-peak is caused by the Ay
symmetry breathing mode in graphite-like structure and occurs only in the
presence of defects [7,34,62-64,87-89]. The second peak, around 1580 cm™, is
the so-called graphitic peak (G-peak). G-peak is caused by the in-plane bond-
stretching between two carbon atoms with E,, symmetry in sp® carbon rings and
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chains [7,34,62-64,87-89]. Highly disordered single crystallite edges produce
additional low-intensity D- and G-peaks, labelled Ds and Gs, respectively, at
lower Raman shift wavenumbers in comparison to the D-peak and G-peak, at
around 1200 cm™ (Ds) and 1500 cm™ (Gs) [62].

A correlation between the measured Raman spectra and between the quanti-
tative parameters characterising the structural ordering of the carbon material
has been investigated by a multitude of researchers [34,62,63,90]. The corre-
lation between the D- and G-peak intensity, Ip and lg, respectively, ratios and
the correlation length, L,, has been investigated. A linear correlation has been
found for Ip/lg vs. L, or Ig/lp vs. L,, depending on the structural ordering of the
carbon material [90]. One of the most insightful analyses and analytical solu-
tions to the correlation was done by Ribeiro-Soares et.al. [62], where average
crystallite lengths of carbons with a large variety of structural ordering were
experimentally determined by tunnelling electron microscopy, scanning electron
microscopy and X-ray diffraction methods. In addition, all four first-order
Raman scattering peaks, described in the last paragraph, were fitted and
accounted for in the analysis.

Ribeiro-Soares et. al. showed that the structural correlation length, L,, of
carbon materials, is proportional to the full width at half maximum of the G-

peak (FWHM £ (L.)) according to the following equation [62]:

I
L, =<In Eher ; (11)
27 [FWHMQ(LE)—FWHMQ(OO)J

where Dynon is related to the phonon dispersion relation, Dppon = 95 + 20 cm?, I,
is the full decay length of phonon, I = 32 + 7 nm, and FWHM & (o) is the full

width at half maximum of G-peak for undoped pristine graphene, FWHM & ()
=15 + 3 cm™. The I, C, and FWHM 2(c0) values have been calculated and
discussed by Ribeiro-Soares et. al. [62].

4.2.4. X-ray photoelectron spectroscopy

The photoelectric effect is the emission of electrons from a material caused by a
flux of incident photons. The binding energy, Euin, Of the emitted electron is
characteristic for the host atom and of the orbital, from which the electron was
emitted. During the measurement of X-ray photoelectron spectroscopy (XPS),
the kinetic energies, Eyi, of emitted electrons are measured and electron Ey;, is
calculated [91]:

Ebin =hv— Ekin’ (12)
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where hv is the energy of the incident photons. Emitted electron counts at
different Ep;, are used to calculate the chemical composition of the investigated
material with the presumption that the number of electrons recorded is pro-
portional to the number of atoms in a given state [92]. The chemical com-
position can only be determined from the topmost few nanometre layers of the
investigated material. Thus, proving the XPS method to be most suited for
characterisation of the chemical composition of the surface [67—69].

4.2.3. X-ray diffraction

Because of the wave-like behaviour of electromagnetic waves, X-rays can
interfere destructively or constructively [93,94]. Constructive interference from
an ordered homogeneous system, i.e. a perfect single crystal, is described by
Bragg’s law [93-95]:

2dsin(y)=nA4, (13)

where d is the distance between the ordered lattice planes, y is the scattering
angle, n is a positive integer and A is the wavelength of the incident beam.

The width of the diffraction peak is caused by instrument characteristics (e.g.
non-monochromatic incident radiation, radiation source geometry, misalign-
ments of the experimental setup) and by the sample (concentration gradients,
micro-strains, defects in the crystal structure and the crystallite domain size).
The diffraction peak width broadening caused by the crystalline domain size is
described by the Scherrer equation [93,94,96]:

M
peos(y)’

where zis the average crystalline domain size, A is the shape factor and g is the
diffraction peak full width at half maximum (FWHM) after width broadening
caused by instrumentation specific effects has been subtracted.

The upper and lower crystalline domain sizes, which can be precisely deter-
mined with the Scherrer equation, are limited by the instrumentation peak
broadening and by inhomogeneous strain and crystal lattice imperfections,
respectively. Crystalline domain sizes between several nanometers and a
hundred nanometers can be determined with precision [97].

Whole powder pattern fitting was made possible by developments in the
computational instrumentation and the development of Le Bail and Pawley
pattern decompositions from the Rietveld method [94,98]. In addition to being
able to refine cell parameters and determine the space group, it is possible to
analyse the size-strain influence on the peak broadening with the help of
formula accounting for the angular dependence of the full width at half maxi-
mum [94,99].

(14)
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4.3. Applicability of carbon materials in
energy storage systems

The huge variety of carbon materials, which can be synthesized from different
precursor materials using various synthesis methods and conditions, necessitates
a deeper understanding of the carbon materials properties influence on different
applications. Properties of carbon materials, e.g. the average pore size, pore size
distribution, particle size distribution, level of graphitization, electronic conduc-
tivity, density etc., influence the suitability of the carbon material for energy
storage applications, where the relevant properties are determined by the appli-
cation details [5,30,33,56]. Applications involving ion or molecule diffusion
into the carbon material are strongly influenced by the composition of the
porous structure of carbon materials, whereas, the amount of energy stored is
mainly determined by the active surface area value [11-13]. The investigation
of the suitability of structures and properties of various carbon materials for
different energy storage applications gives a fundamental insight into physical
and chemical processes and supports the development of novel and optimised
energy storage materials.

4.3.1. Electrical double layer capacitors

The potential to store energy in the electrical double layer (EDL) and the use of
this effect in an electrical double layer capacitor (EDLC) was already shown by
H. I. Becker, from General Electric, in a patent in 1957 [100]. The electrical
double layer is formed under electrical potential at the electrode/electrolyte
interface. The use of high surface area electrodes is paramount to achieve high
enough energy densities to be useful in energy storage applications [9,101,102].
To be usable in practical applications, the formed EDL must be stable over
time, form reversibly and have a high charge density [9,101,102]. All of the
components of EDLCs: electrodes, electrolytes, separators and current collec-
tors; have been investigated to improve the overall performance and gain a
better understanding of the processes involved in EDLC-s [101-104].

In an ideally capacitive EDLC no Faradic processes are present at the
applicable cell potential region. At a constant cell potential scan rate a current, i,
goes through the system. Thus, for an ideally capcitive system the absolute
values of i during charging and discharging are equal and depend linearly on
applied cell potential, i.e. i vs cell potential has a rectangular-like shape
[13,49,105,106]. Capacitance, C, for an ideally capacitive system can be calcu-
lated according to Eq. 15:

C=¢¢, di , (15)

char
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where & and & are the dielectric constant of the material between the charged
double layers and the dielectric constant of vacuum, respectively, A is the active
surface area of the electrode and dq, IS the distance between the charged layers.
Therefore, the capacitance of EDLCs should increase with the use of higher
surface area electrode materials. The distance dg, IS Set by the sum of atomic
radii of the electrode materials atoms and the electrolyte ions forming the
electric double layer.

The energy, E,, and power, P, of the EDLC depend on the square of the
applicable cell potential, AE:

2
E, = AEZ c (16)
2
P= jF\If , an

el

where R is the sum of resistivities of the electrode and electrolyte. Thus, for
improved power and energy densities, a wide applicable cell potential range is
of critical importance.

Electrolytes and electrolyte mixtures have been investigated for use in EDLC-
s [107-115]. Aqueous electrolytes, e.g. 1 M H,SO,4 6 M KOH or 1 M Na,SO,
in water solution, have high conductivity, are less sensitive to impurities and are
cheaper [101,110]. The applicable cell potential for aqueous electrolytes is
limited by the electrochemical stability of water. The standard potential, 1.23 V,
of electrolysis of water limits applicable cell potential. Thus, the maximal
power and energy density of agueous electrolyte based EDLCs is remarkably
lower [110,112]. Neutral aqueous electrolytes, e.g. 1 M Li,SO,, have been
shown to perform well at cell potentials up to 2.2 V, alas, the Faradic side-
processes can be argued to be present already at AE > 1.2 V [112,113].

lonic liquids offer an almost limitless number of compounds, and thus, they
are possible candidates for suitable electrolytes, as there are humerous cations
and anions to form a room temperature liquid salt [110,114]. lonic liquids offer
a wide applicable cell potential range, up to 5.4 V, but have low conductivity,
limited applicable temperature region, high price, and ILs are sensitive towards
impurities [110,115]. The small (< 1 M) organic solvent (acetonitrile, propylene
carbonate and y-butyrolactone) addition to ionic liquid (1-ethyl-3-methylimida-
zolium tetrafluoroborate, EMImBF,) electrolyte has been investigated in
EDLCs to decrease the viscosity, increase conductivity, decrease melting tem-
perature and, ultimately, improve the electrochemical performance of EDLCs
by R. Palm et. al. [107,108]. It was shown that the melting temperature and
viscosity decrease and the conductivity increase when > 0.5 M of the organic
solvent was added. Alas, the improvement in physical properties did not im-
prove the electrochemical performance of EDLCs as the electrochemical
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stability, power density and energy density decreased. Using a mixture of two
ionic liquids, EMImBF,; and 1-butyl-3-methylimidazolium tetrafluoroborate
(BMImBF,), as an EDLC electrolyte to improve the EDLC performance has
been investigated by R. Palm et. al. [109]. EMIMBF, has a high melting tempe-
rature, but low resistivity and a wide region of electrochemical stability.
BMImBF, has a lower melting temperature but higher resistivity. At low
BMImBF, concentrations, < 0.5 M, the effect on the melting temperature and
on the electrochemical performance was negligible. From concentrations
> 0.5 M the melting temperature decreased remarkably, but also the electro-
chemical performance of EDLCs with the ionic liquid mixture electrolyte
degraded, as power and energy densities decreased.

Tertiary ammonium salts in acetonitrile, various carbonates or mixtures of
carbonates are usually used as an organic solvent-based electrolyte. Organic
solvent based electrolytes have higher conductivity, lower applicable tempera-
ture limit, but decreased applicable cell potentials, AE < 3.5V, in comparison to
ionic liquids [110].

Depending on the used precursor materials and synthesis conditions the
carbonaceous materials can be electrochemically stable over a wide cell poten-
tial region, have a large specific surface area and have high electronic conduc-
tivity. Thus, carbon materials are ideally suited for electrodes in EDLCs [9,15,
18,24,58,59]. Functionalisation of carbon materials, e.g. nitrogen or oxygen-
containing functional groups, has been investigated to increase the energy
density of EDLCs through pseudo-capacitive Faradic processes [116,117]. Alas,
the improvement in energy density is counteracted by the decreased reversibility
of the system caused by the appearance of Faradic processes. The effect of pore
size and specific surface area to the capacitance value of EDLCs has been
investigated to discern optimal structures for electrode materials [13,15,18,
24,25]. An anomalous increase in capacitance normalized by electrode surface
area in case of sub-nanometre pores was shown by Chimola et.al. [25] and the
effect was explained by the decrease in the size of solvate shell around the
adsorbed ions in smaller pores discussed as well by Aurbach et. al and by Lust
et.al [118-120].

4.3.1.1. Cyclic voltammetry

During cyclic voltammetry (CV) measurements the potential of the electro-
chemical system is increased and then decreased at a constant scan rate, v, given
in units of mV s™, and the current, i, is measured. In the case of a symmetrical
two electrode cell the potential between the identical electrodes is measured, i.e.
the cell potential, AE, and the polarisation of the electrodes is not individually
determined. The CV measurement is conducted between two cell potentials,
where the system starts and ends the final measurement at the same cell
potential. In case of a Faradic process, the CV measurement will exhibit a cur-
rent peak during the increase of the cell potential. If the Faradic process is
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totally reversible, and ng electrons are transferred per process, a current peak
will be present during the decrease of the cell potential with a potential shift of
59/ng mV in comparison to the current peak from the increase of the cell
potential. If the potential shift is larger than 59/ny mV, then the Faradic process
is reversible only partially. In the case of irreversible processes, there is no
current peak during the decrease of the cell potential. In an ideally capacitive
system, there are no current peaks during the increase and the decrease of the
cell potential [13,49,105,106,121].

Thus, the gravimetric capacitance per one electrode in case of symmetric
ideally capacitive system can be calculated from CV data according to Eq. 18:

2i

Cg,lel (t) = V(t)me| )

(18)

where t is time and mg is the mass of one electrode. For ideally polarisable
EDLC system the Cg1¢(t) is independent of potential scan rate applied.

4.3.1.2. Electrochemical impedance spectroscopy

In case of electrochemical impedance spectroscopy (EIS) alternating current
(AC) is applied in addition to a constant cell potential attained with direct
current (DC). The amplitude of the AC has to be low enough (from £5 to
+10 mV) so that the current-overpotential relation would be linear, i.e. the
current caused by the excitation would have exactly the same frequency and no
higher harmonics would be produced. The system is measured over a range of
AC frequencies, f. Processes of different timescales are measured depending on
the applied frequency of AC [121,122].

The response current phasor, 7, with an amplitude of 1, is shifted by a phase
angle, ¢, in comparison to the applied sinusoidal AC potential, if there are
additional capacitive or inductive effects:

| = I, sin(wt +¢) (19)

where o is the radial frequency and @ = 2xf. For simple resistive circuits ¢ = 0.

Impedance, i.e. complex resistance, consists of the real, Z'(w), and imaginary,
Z"(w), parts [121-123]. Impedance is calculated from the I and applied AC
potentials phasors, E, according to the Ohm’s law:

Z(w) =

E_2w)-iz"), (20)
|
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where j = +/-1.
The ratio of Z'(w) and Z"(w) can be calculated from the measured phase
angle:

Z"(@)

tang = —- )
@

(21)

A Nyquist plot, Z" (w) vs Z'(w), gives information about the processes oc-
curring in the system at different frequencies. EDLCs have a characteristic
Nyquist plot shape: EDLCs form a semicircle corresponding to the resistive-
capacitive behaviour of electrodes at high frequencies [121-123], in the range
of medium frequencies a 45° inclination emerges, and a vertical is observed at
the lowest frequencies. The vertical line towards Z" (w) values corresponds the
so-called ideal capacitive behaviour of EDLCs (f — 0) and the 45° inclination
corresponds to the diffusion of ions inside the pores [122,123].

If the system is modelled with the combination of a capacitive and resistive
elements in an equivalent circuit, it can be described by the following para-
meters: Series resistance, Rs, series capacitance, C,, parallel resistance, R,, and
parallel capacitance, C,, which are given by to the following expressions [122—
124]:

R, =Z'(w), (22)
oL -
wl" ()
R =R (1+ L J (24)
p s 2(z2() ) |’
tan?(2)
C, =C,[l+tan?(22)) (25)

For EDLCs the R at Z"=0 (intercept at the high-frequency edge of the semi-
circle) corresponds to the system resistance. The second intercept at Z"=0 of the
semicircle at lower frequencies corresponds to the pore resistance. The R;,
corresponding to the system resistance, and C; value, corresponding to purely
capacitive behaviour (at low enough frequencies, f < 0.01 Hz), are used to
calculate the maximal specific energy, Enmax, and maximal specific power, Py,
of symmetric two-electrode EDLC system [49]:
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where A is the geometric area of one electrode.

C; can be defined as a complex function, Cy(@)=C'(@)-jC"(®), where C'(w) is
the real part and C"(w) is the imaginary part of capacitance. C'(w) and C"(w)
are expressed as follows:

I le(a))
Clw)=—"77, (28)
“ 0| Z(o)|
" Z'(w)
Cw)=—"5 (29)
¢ 0|Z (o)

Apparent power, S(w), determined by EIS is a complex function, S(w)=
P(w)+jQ(w), where P(w) is the active power and Q(w) is the reactive power.
P(w) and Q(w) are expressed through imaginary and real part of capacitance as
follows [123,124]:

P(@) = @C" ()|AE, ", (30)

: (31)

rms

Q(w) = —aC' ()| AE

|2

where AE;ns is the root mean square of the AC potential and for a sinusoidal
wave AE =AE__ /2., where A, is the maximum amplitude of the AC

potential.

At the characteristic frequency, f.,, the normalized active power (|P(w)|/
|S(w)) and normalized reactive power (|Q(®)/|S(w)|) are equal, i.e. the fre-
guency at which half of the energy stored is released. The characteristic rela-
xation time, z;, the time which is required to release half of the stored energy, is
calculated from the fu,:

7, = (32)
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4.3.1. Methane adsorption

Natural gas is used as a transitional fuel before the full implementation of a
renewable energy based society. CO, emissions from combustion of natural gas
are lower per energy unit than from any other fossil fuel, except biogas [125].
The main component of natural gas is methane, thus, methane is a good sample
gas to investigate the adsorption of natural gas for energy storage applications.
Methane adsorption on various adsorbents, from carbonaceous to zeolites and
metal-organic frameworks, has been studied for methane storage and gas
sequestration applications [11,17,22,53,125-129]. Carbonaceous materials can
be synthesized with a wide variety of properties and with high purity, i.e. almost
no functional groups at carbon surfaces. Thus, they are of special interest in
investigating the influence of surface morphology, i.e. pore size, specific sur-
face area and graphitization, on the methane adsorption.

A linear correlation between the amount of adsorbed methane and the specific
surface area or the micropore volume of adsorbents has been shown for a
multitude of carbon materials [11,17]. Nevertheless, the amount of methane
adsorbed per specific surface area at 25 °C and 3.5 MPa varied from 0.004 to
0.0067 mmol m™ for two carbon materials with almost identical specific surface
areas nearly 1115 m? g* [53,125]. Pores under 0.7 nm have been shown to
adsorb methane at lower partial pressures and pores under 1 nm have been
shown to adsorb more methane per specific surface area in comparison to larger
pores [22,23]. Although methane adsorption has been investigated on carbon
materials with different levels of graphitization, the influence of the structural
ordering of carbon materials on the amount of methane adsorbed is not well
established [11,17,22,23,53,125,129].

4.3.1.1. Equation of state

Ideal gas law, pV=ngsRT, where p is pressure, V is volume, ng,s is amount of gas
in moles, R is the universal gas constant and T is temperature, is an equation of
state for gases which makes the presumption that gas molecules are mathe-
matical points in space and there are no interactions between the gas molecules.
The ideal gas law is strictly applicable only at low pressures, high temperatures
and for monoatomic gases. As real gases are not mathematical points in space
but have a molecular volume, might have an asymmetric shape, and interact
with each other through the van der Waals forces, various equations of state
have been proposed for gases [130-133].

Peng and Robinson proposed a new equation of state (PREQOS) in 1976 [130]
as a development to van der Waals [131], Redlich and Kwong [132] and Soave
[133] equations of state. PREOS takes into account the asymmetry of in-
vestigated substances, the critical parameters of the substances and the mole-
cular volume of the substances:
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where ¢ is the acentric factor, T, is the critical temperature, p. is the critical
pressure and V., is the molar volume. Parameter a is related to the inter-
molecular attraction forces and b is related to the size of the molecule. PREOS
is accurate at the critical point, especially for the calculations of compressibility
and liquid density [130].

4.3.1.2. Adsorption isotherms

The excess gas, Ne, amount in the adsorption layer in comparison to the gas
phase is determined during measurements. At high pressures the gas phase
density, p, is large enough to cause a deviation between the measured ne and
the total amount of adsorbed gas, n.gs [129,134]:

Neye = H(ngc]iasx _Varcrjlfxp ) (38)
nads = QnQ,ix (39)

max
ads

at 9=1and V™ is the volume of the adsorption layer at 6= 1.
To establish 8 and ny values, it is necessary to model the measured Ney.

isotherm with a theoretical adsorption isotherm. The Langmuir isotherm (Eqg. 2)
was described in the Section 4.2.1. Further isotherm equations have been

where @ is the fractional surface coverage, n_,. is the amount of adsorbed gas
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developed to characterise a system that does not meet the presumptions of the
Langmuir isotherm [60,71,72,135-137].

Sips isotherm equation (Langmuir-Freundlich) presumes a Gaussian distri-
bution of adsorption energies, where the Sips isotherm equation is an averaged
Langmuir isotherm over the energy distribution [135]. Thus, Sips isotherm
equation has a similar form to Langmuir equation:

n — max (Kp)llnhel (40)
ads ads :L_'_(Kp)llnhet !
where K is the equilibrium coefficient and ny is characteristic parameter taking
into account the systems heterogeneity of system. If nny is unity, the Sips
equation yields the Langmuir equation for a homogeneous surface.
It is known that the Toth equation is an empirical adsorption isotherm equa-
tion, which describes well many systems, where §< 1 [136]:

e kP (41)

ads |:1+(Kp)t:|1/thm !

nads

where t is a parameter characterising the system heterogeneity and, similarly
to the parameter ny in Sips equation (Eg, 40), when ty is unity the Toth
equation is identical to the Langmuir equation.

Presuming a patchwise surface topography, Langmuir isotherm is applicable
for each patch and a uniform energy distribution the Unilan equation is obtained
[60]:

max 1/ AS
e = 2 i ZTEC P, “2)
2s 1+Ke™p
where

- E
K=K_exp|l — |, 43
ool E) "

_ E +E .
E — max,ads min,ads , 44
> (44)
g— Emax,ads B Emin,ads , (45)

2RT
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Enaxads @Nd Epinags are the maximum and minimum energies of the distribution,
K. is the adsorption affinity at an infinite temperature and s is a parameter
characterising the systems heterogeneity of system. If s = 0 the Unilan equation
[60] is reduced into a Langmuir equation.

The Temkin isotherm presumes that the heat of adsorption decreases linearly
with the increase in surface coverage [137]:

ng =BINA,, +BInp, (46)

where At is the equilibrium binding constant, B is related to the heat of
adsorption and B=RT/b, where b is the Temkin isotherm constant.

4.3.1.3. Thermodynamics of adsorption

The thermodynamics of an adsorption process at equilibrium is described
through the change of enthalpy (AH,g), entropy (AS.s) and Gibbs free energy
(AGads):

AG,, =AH,, ~TAS (47)

ads ads

Combining Gibbs free energy equation (Eq. 47) with Gibbs isotherm equation
(Eq. 48) the linear form of the van’t Hoff equation is given as (Eq. 49) [61,138]:

AGY =-RTInK, (48)
AH®  AS®
InK:—R—_Fds‘i‘Tads, (49)

where K is the adsorption-desorption equilibrium constant, R is the ideal gas
constant, T is the temperature and AGS,, AH_, and AS_, are the changes of

Gibbs free energy, enthalpy and entropy at standard state (0.1 MPa), respec-
tively. Plotting In(K) vs. 1/T, the slope is equal to - AH®, /R and the intercept is

ads
equal to AS®_/R.

ads

4.3.2. Hydrogen storage

Hydrogen has a low density (0.09 g L™ at 0 °C and 0.1 MPa) and, therefore,
different methods have been used to increase the density of hydrogen to
improve the energy density of hydrogen storage systems. Compressing hydro-
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gen increases the density of hydrogen (41 g L™ at 0 °C and 70 MPa), but is
energy demanding. The energy required to compress hydrogen to 70 MPa is
more than 10% of the energy stored in the compressed hydrogen. The high
diffusivity (0.61 cm? s™ in air at 0.1 MPa and 273.15 K), low minimum ignition
energy (20 wJ), and wide concentration range for combustion (from 4 to 75
vol% in air) and explosion (from 18 to 59 vol% in air) of hydrogen increase the
hydrogen storage hazards, especially at high pressures. By compressing
hydrogen up to high pressures the risk of hydrogen embrittlement is increased
and, thus, the price of the storage medium is also increased. Cooling hydrogen
to the liquid state at 20 K increases the hydrogen density to 70 g L™, but more
than 20% of the stored energy is consumed during the liquefaction process. In
addition, storage of liquid hydrogen demands continuous cooling or the release
of H, overpressure that accumulates during warming over longer times of
storage. High requirements in regards to insulation, pressure control, heating
etc. increase the mass and the price of the liquid hydrogen storage systems
[5,139].

Physical adsorption of hydrogen in porous materials, for example, into
carbon, into silicates and zeolites, is nearly reversible and efficient due to the
weak Van der Waals interactions between hydrogen and the adsorbent [16,140].
One of the highest amounts of adsorbed hydrogen, 3.75 wt% of hydrogen, at the
temperature of liquid nitrogen, 77 K, and at 0.1 MPa has been achieved with
micro carbon spheres produced from mesophase pitches as an adsorbent [141].
Thus, for hydrogen storage through physical adsorption increased pressures and
lowered temperatures are necessary. In addition, carbon-based adsorbent mate-
rials have a low density and, thus, the achieved hydrogen densities per volume
are also relatively low.

4.3.2.1. Hydrides

Compounds including a metal (A) or two metals (A and B) bonded with hydro-
gen (H) are called metal hydrides (AH, and AB4H,, respectively). In the hydride
compounds hydrogen has either an ionic or covalent bond to the metal atoms,
depending on the electronic properties of the hydride forming metal [139,142].
Interstitial hydrides absorb hydrogen reversibly inside the crystal lattice
vacancies. For interstitial hydrides, A in AH, or in ABsH, is a transition metal
(Pd, Ti, V e.g.), rare earth metal (La, Pr, Gd or Sm) or Mg. In the case of inters-
titial hydrides, hydrogen molecules dissociate into the atomic form on the metal
surface layer before diffusing into the crystal structure of the bulk metal. T.
Graham was the first to report the accumulation of hydrogen inside a metal, Pd,
[143], where 0.6 wt% of H, was absorbed at 0.3 MPa forming the interstitial
hydride PdHq6. Thus far many other metal hydrides have been investigated for
hydrogen storage applications. However, the main obstacles for practical
exploitation of transition or rare earth metal hydrides are low hydrogen content
and the high price of materials used [139,142]. One of the most promising metal
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hydrides is MgH,, where hydrogen is mostly ionically bonded. MgH, has a high
hydrogen content (7.6 wt%) and relatively low cost, but the temperature of
hydrogen release for the material is too high (> 300 °C at 0.1 MPa) and the
hydrogen absorption kinetics is too slow for practical applications [5,139,142].

Hydrides with the chemical formula A,Me/H,, where A is an element from
the first or second group of the periodic table and Me is either boron or alu-
minium, are called complex hydrides [139,142]. Due to their high hydrogen
content, low density and abundant constituents, the most promising complex
hydrides for hydrogen storage are NaAlH, and LiAlH, [5,139,142]. LiAlH, has
a very high hydrogen content (10.5 wt%), but the hydrogenation of LisAlHg
back into LiAlH, is not possible under reasonable physical conditions (over 10
MPa of hydrogen partial pressure at 25 °C even with the addition of organic
solvent tetrahydrofuran).In addition, the supply of Li is limited and the price is
rising, especially because of the growing battery industry [139,142,144,145]. In
comparison, the complex hydride NaAlH, is made up of chemical elements
which are more abundant in the earth’s crust. The capability to release hydrogen
reversibly has been shown, although the hydrogen content is lower (7.4 wt%).
In addition to the previous points, the relatively low pressure and temperature
necessary for reloading with hydrogen make NaAIH, one of the best solid-state
materials for large-scale hydrogen storage [5,139,142,144].

4.3.2.2. NaAlH, for hydrogen storage

The thermal decomposition of NaAlH, occurs through three consecutive
reactions [139,142,146]:

NaAIH, — 1/3 Na;AlHg + 2/3 Al + H, (50)
1/3 NazAlHg — NaH + 1/3 Al + % H, (51)
NaH — Na+ % H; (52)

Only the first two reactions, starting at 150 °C and around 250 °C, respectively,
are reversible and release 5.4 wt% of hydrogen [147]. In practice, the first
decomposition reaction in bulk NaAlHy, is kinetically limited and, thus, most of
the hydrogen from the first decomposition reaction is released at temperatures
higher than 180 °C, after the melting of NaAlH,.

The temperature and kinetics of hydrogen release from NaAlH, can be im-
proved by decreasing the particle size, e.g. by ball-milling of NaAIH, powder.
NaAlH, ball milled for 2 h released 2.9 wt% of hydrogen in 120 min already at
160 °C [148]. Hydrogenation of ball-milled NaAlH, is shown at lower
temperatures and pressures than for bulk NaAlH,, where 4 wt% of hydrogen
was absorbed during 180 min at 150 °C and at a hydrogen pressure of 8.8 MPa
[148]. However, already after a few hydrogenation/dehydrogenation cycles the

35



ball-milled NaAlIH, aggregates back into the bulk material. This is promoted by
the increased diffusion of NaAlH, at higher temperatures necessary for release
of hydrogen. The addition of catalysts decreases the hydrogen release tempe-
rature of NaAlH,. For example, the ball-milling of 0.5 mol-% of TiCl; into
NaAlH, increased the amount of released hydrogen at 160 °C to 5 wt%. For-
mation of the more stable TiAl; alloy caused higher mol-%, > 0.5 mol-%, of
TiCl; to increase the hydrogenation and dehydrogenation pressure [149]. The
kinetics of hydrogen release has been enhanced by the addition of TiCls;, where
0.9 mol-% of TiCl; addition into NaAlH, induced the release of 3 wt% of
hydrogen already at 125 °C in 4 hours [150].

Deposition of NaAlH, inside the pores of a supporting material as nano-
particles, i.e. nanoconfinement of NaAlH,, improves the hydrogen release tem-
perature, kinetics, and reversibility of hydrogen release [139,142]. The sup-
porting material must have a large specific surface area, high thermal and
chemical stability, and porosity suitable for confining the complex metal
hydride. Carbon-based supporting materials are well-suited for this purpose due
to the large variability and control over the properties (pore size, specific sur-
face area, functional groups etc.) of carbon materials through the synthesis and
after-treatment conditions [33,47—49]. Baldé et. al. [151] showed that nano-
confined small NaAlH, particles, 2-10 nm, inside of the carbon nanofibers
started releasing hydrogen already at 70 °C and the hydrogenation process of
decomposed particles back to NaAlH, was possible at 115 °C at a hydrogen
pressure of 2 MPa. The temperature of hydrogen release increases with the in-
creased size of NaAlH, particles and hydrogen release at 70 °C was achieved
for a composite material containing only 2 wt% of NaAIH, [151]. The influence
of the deposited wt% of NaAlH, inside the NaAlH4/carbon composite material
has been studied by Gao et. al [152]. Between 5 wt% and 80 wt% of NaAlH,
was deposited inside a nanoporous carbon material and the composites with
NaAlH, content from 5 wt% to 30 wt% started releasing hydrogen already at
150 °C [152]. The addition of 3 wt% of TiCl; as a catalyst into nanoconfined
NaAlH, (33.3 wt%) decreased the maximum temperature of hydrogen release
peak maximum temperature from 176 °C to 125 °C, at a temperature ramp rate
of 5 °C min™. However, the amount of hydrogen absorbed during hydro-
genation of the decomposed particles is decreases already after the application
of four dehydrogenation/hydrogenation cycles [153].
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5. AIM OF THE STUDY

The aim of this work was to determine the influence of carbon material surface
properties on the performance of these carbon materials in energy storage
applications. The influence of specific surface area, pore size and its distribution
and structural ordering of carbon materials on the amount of energy stored and
on the Kinetics of energy storage was to be determined. The following research
was performed to achieve that aim:

The influence of the specific surface area and porosity on the adsorption of
charged species was investigated through the use of different carbon materials
as electrode materials in electric double layer capacitors.

The influence of specific surface area, porosity and structural ordering on the
adsorption of neutrally charged species was investigated through the use of
different carbide-derived carbons for the adsorption of methane.

The influence of a highly microporous and high surface area carbon material
on the confinement of a complex metal hydride for hydrogen storage was
investigated.
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6. EXPERIMENTAL

6.1. Preparation of CDC materials

Titanium carbide (TiC with purity 99.5 %, -325 mesh powder, Sigma-Aldrich)
or molybdenum carbide (Mo,C with purity 99.5 %, -325 mesh powder, Sigma-
Aldrich) was etched with CI, or HCI (AGA from The Linde Group, 99,99 %) in
a stationary quartz bed reactor at fixed reaction temperatures: 950 or 1100 °C
for TiC-CDC 950 °C and TiC-CDC 1100 °C HCI, and 1000 °C for Mo,C-CDC
1000 °C, respectively. A gas flow rate of 50 ml min™ or 100 ml min™* was
applied for Cl, or HCI, respectively. Chlorination by-products were removed
with Ar flow. The residual chlorine and oxygen-containing functional groups
were removed during 1.5 h of applied H, flow at 800 °C [47,49].

6.2. Synthesis of scaffold supported
NaAlH4 composite materials

The synthesis and storage of NaAlH,/carbon composites were performed in
closed Ar atmosphere. A solution of 0.05 g ml™ sodium aluminium hydride
(NaAIlH,4, 90%, Sigma Aldrich) in tetrahydrofuran (THF, anhydrous, > 99.9 %,
Sigma-Aldrich) was prepared for the synthesis. Any insoluble impurities were
removed by filtrating the solution through a glass microfiber filter (GF/B,
Whatman). Cleaned and dry microporous carbon, RP-20 (Kuraray, Japan), was
used as the supporting material. At each step, 2 ml of the filtrated dolution of
NaAIH, in THF was added per 1 g of carbon to the dry RP-20 until the desired
wt% of NaAlH, was achieved. Each time the solution of NaAlIH, in THF was
added, the mixture was stirred at 0 °C under 0.1 MPa of Ar for 15 minutes in
order to infiltrate the solution inside the pores of RP-20. The reaction flask was
stirred for 45 min under 100 Pa of Ar pressure at 23 °C to remove most of the
solvent, THF. The NaAlIH,/RP-20 composite material was finally dried from
residual solvent during 36 hours at 30 °C and 3.3 Pa of Ar. The deposited
complex hydride was reformed for 10 h at 140 °C and at 18 MPa of hydrogen
pressure to regenerate any decomposed NaAlH;. NaAlH,/RP-20 composite
materials with the content of NaAlH, from 10 to 60 wt% were synthesised.
Henceforward, the synthesized materials are designated as xNaAlH,/RP-20,
where x stands for the wt% of NaAlH, in the composite material. For the pure
NaAlH, the same synthesis route was followed but without the RP-20. This was
nessecary to produce a reliable comparison between confined and bulk NaAlH,
capability to store hydrogen reversibly.
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6.3. Surface characterisation via N, and
CO; adsorption technique

Gas sorption system ASAP 2020 (Micromeritics, USA) was used to measure
the adsorption and desorption isotherms of N, and CO, at 77 K and 273 K,
respectively. The specific surface area (Sget), the surface area of micropores
(Smicro), the volume of micropores (Vmicro), @and the total volume of pores (Vi) of
carbon materials were calculated from the adsorption isotherms of N, (Table 1).
The Brunauer-Emmett-Teller (BET) method was used to calculate the Sger
values [73], the t-plot method was used to calculate Spicro and Viiero Values [74],
and the amount of adsorbed gas near the saturation pressure of nitrogen (p/po =
0.95) was used to calculate Vi

Table 1. Characteristic properties of studied carbon materials and carbon electrodes,
calculated from the N, adsorption isotherm.

. S Smi Smi V, Vmi Vmicro!
Carbon materlal BE‘I: mlcr_o micro tot i mlcrc_J micr
m? g ! m? g ! ISgeT cm’ g ! cm® g ! Viot
L-0.3-135 540 536 0.99 0.26 0.25 0.96
T-040 1240 1210 0.98 0.63 0.58 0.92
T-1-040 1130 1090 0.97 0.59 0.53 0.90
TIC-CDCO50°C | 4450 | 1440 | 0.99 0.70 0.63 0.91
electrode
TiC-CDC
950 °C 1560 1550 0.99 0.75 0.68 0.91
TiC-CDC
1100 °C HCl 870 770 0.88 0.93 0.70 0.75
Mo,C-CDC
1000 °C 820 250 0.30 1.47 0.09 0.06
RP-20 1840 1830 0.99 0.82 0.80 0.97

Sger — BET specific surface area, Spico — micropore area, calculated using the t-plot
method, Vi, — total pore volume, Vyicro — Micropore volume

Two-dimensional non-local density functional theory model for carbons with
heterogeneous surfaces (2D-NLDFT-HS) [[83,84]] was used to calculate the
pore size distribution data. 2D-NLDFT-HS model was simultaneously applied
to CO, and N, adsorption isotherm data [84] using SAIEUS software (v2.02,
Micromeritics, USA) [154] to acquire a correct pore size distribution. The
specific surface area, Sprr, and pore volume, Vper, calculated with the 2D-
NLDFT-HS model are presented in Table 2.
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Table 2. Properties of the studied carbon materials calculated from the simultaneously
fitted N, and CO, adsorption isotherms and the measured thickness of carbon-based
electrode materials.

Carbon material SE’FT_l V%FT_l SDFZT 0.7am Thickness
m® g cm’g m® g mm
L-03-135 840 0.25 100 0.42 + 0.02
T-040 1420 0.59 610 0.38 + 0.02
T-1-040 1360 0.56 510 0.25+002
TIC-CDC 950 °C 1440 0.63 740 0.13 +0.01
electrode
Tic-CDC
950 o 1540 0.68
Tic-CDC
1100 °C HCI 680 0.86
Mo,C-CDC
200 e 720 1.36
RP-20 1650 0.74

Sper — Specific surface area calculated by applying 2D-NLDFT-HS model to the
cumulative CO, and N, isotherms, Vper — Total volume of pores calculated by applying
2D-NLDFT-HS model to the cumulative CO, and N, isotherms, Sprro.7nm — Specific
surface area of pores with widths over 0.7 nm calculated by subtraction of specific
surface area from pores with widths under 0.7 nm from Sper.

6.4. Raman spectroscopy

Raman spectra were measured using an inVia micro-Raman spectrometer
(Renishaw, UK) within a wavenumber region from 50 cm™ to 4000 cm™ and
with an excitation wavelength A, = 514 nm. The first-order Raman scattering
region (from 1000 to 1800 cm™) was fitted with two Lorentzian, for D- and G-
peak, and two Gaussian, for Gs- and Ds-peak, functions (Figure 1) as specified
by Ribeiro-Soares et. al. [62]. All the carbon materials under study were refitted
with the method suggested by Ribeiro-Soares to have consistently comparable
results from Raman spectroscopy. Thus, the calculated average correlation
lengths, L,, absolute values (Table 3) may somewhat differ from the ones pre-
sented in our previous articles, but the sequences between different carbon
materials remain the same.
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Figure 1. Raman spectra of TiC-CDC 950 °C normalized to the height of G-peak and
the fit of the modelled spectra with the fit residuals, according to model by Ribeiro-
Soares et. al. [62].

Table 3. Results obtained by fitting the measured Raman spectra with model according
to Ribeiro-Soares et. al. [62].

Carbon material FWH_'YIG La I/l
cm nm

L-0.3-135 53.5 14.4 2.15

T-040 46.3 17.8 2.06

T-1-040 44.9 18.5 2.15

TiC-CDC 950 °C 71.8 8.2 1.43

TiC-CDC 1100 °C HCI 66.3 9.9 1.21

Mo,C-CDC 1000 °C 64.0 10.6 0.69

RP-20 49.8 16.1 2.13

FWHMg — G-peak full width at half maximum, L, —average correlation length of carbon
structure calculated from G-peak FWHM [62], Ip/lg — the ratio of integrated peak
intensities, where the integrated intensities of Gs- and Ds-peak are added to the
integrated intensities of G-peak and D-peak, respectively.

6.5. X-ray photoelectron spectroscopy

The chemical state and elemental composition of carbon fabrics were inves-
tigated with X-ray photoelectron spectroscopy (XPS). XPS measurements were
conducted using a surface station equipped with an electron energy analyser
(SCIENTA SES 100) and a non-monochromatic twin anode X-ray tube (Ther-
mo XR3E2). The characteristic energies of the X-ray tubes were 1253.6 eV

41



(Mg Koy, FWHM 0.68 eV) and 1486.6 eV (Al Ka;, FWHM 0.83 eV). Ultra-
high vacuum conditions were applied for measurements. Average Matrix
Relative Sensitivity Factors procedure [155] and the transmission function of
the instrument were used to estimate the overall atomic concentrations of diffe-
rent compounds and elements. Casa XPS software (v2.3.12, Casa Software Ltd,
UK) was used for the raw data processing. Data processing involved removal of
Ka and Kf satellites, removal of background and fitting of the XPS compo-
nents. Shirley type background was used for background removal. The fitting
was performed using a Gauss-Lorentz hybrid function (GL 70, Gauss 30%,
Lorentz 70%). The calculated atomic percentages established are presented in
Table 4.

Table 4. Atomic ratios of elements obtained using XPS method for investigated carbon
fabric electrodes

. C (@] Si

Electrode material atom% atom% atom%
L-0.3-135 89 8 3
T-1-040 97 3 0
T-040 96 4 0

6.6. X-ray diffraction

D8 Advance diffractometer (Bruker, Germany) with Cu Ka radiation was used
for X-ray diffraction (XRD) measurements. Diffractograms were acquired at 260
from 5° up to 90° with a total step time of 166 s and a step size of 0.0128° using
a LynxEye detector. An X-ray transparent cap was used to insulate the powder
sample in Ar atmosphere to hinder oxidation of the sample before and during
the measurements. Full profile analysis software Topas 4.1 (Bruker, Germany)
was used to calculate the crystallite sizes from the diffractograms measured.

6.7. CH, adsorption

Methane excess adsorption isotherms from -100 to 40 °C and methane partial
pressures from 0.03 to 1.35 MPa were measured using the Autochem 2950 HP
system (Micromeritics, USA). Methane adsorption was measured in a 7:3 ratio
mixture of He and methane. Prior to adsorption measurements, the adsorbents
were dried under Ar flow at 200 °C for at least 2 hours. The samples were
cooled down to the adsorption temperature, the pressure was increased to the
desired level and stabilized for at least 30 minutes for each pressure point for
measurements. Next, the sample was heated for 10 minutes to 400 °C to mea-
sure the amount of adsorbed gas. The volume of adsorbed methane was calcu-
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lated with the Peng and Robinson equation of state [130] using Prode software
(Milano, Italy). The total amount of adsorbed methane, n,q4, was calculated from
excess adsorption, ne, using a modified Langmuir isotherm (Egs. 2, 38 and
39). Other isotherm models (Toth [136], Temkin [137], Sips (Langmuir-
Freundlich) [135], two-Langmuir combination equation (dual-site Langmuir)
[156] and Unilan [60]) were also used to calculate the n,gs. Single-site Langmuir
isotherm gave the best fits of the system, whilst the results from other models
reduced back to the single-site Langmuir isotherm equation form. For example,
parameter values of n, = 1 and t,; = 1 were obtained from fitting with Sips and
Toth equations, respectively, which reduced the Sips and Toth isotherm equa-
tions to the Langmuir isotherm equation.

6.8. Electrode materials

“Busofit” carbon fabrics T-1-040, T-040 and L-0.3-135 (OJSC “‘Svetlogorsk-
Khimvolokno”, Belarus) were used as electrodes for EDLCs. The carbon fabrics
have been synthesized by carbonization of rayon technical filament yarn and
activated with water vapour.

Titanium carbide derived carbon (TiC-CDC 950 °C) was synthesized by
chlorination of TiC at 950 °C, which is brought in detail under the description
of carbide-derived carbon synthesis. The TiC-CDC 950 °C based electrodes
were made up of 93 wt% of TiC-CDC 950 °C and 7 wt% of polytetrafluoro-
ethylene (PTFE) binder. PTFE binder was added to TiC-CDC 950 °C as a
2.5 wt% water dispersion diluted from 60 wt% PTFE dispersion in water
(Sigma Aldrich), mixed thoroughly and dried at 120 °C and 12 kPa for 24 h. A
uniform electrode was produced by roll-pressing hexane-wetted electrode
material for multiple times. The roll-pressed electrode was dried at 120 °C and
12 kPa for 24 h.

The average thickness of the used electrodes has been measured with a micro-
metre thickness gauge (Eee, Taiwan, digital thickness gauge 0-10 mm * 0.001
mm) and thicknesses are given in Table 2.

6.9. Electrochemical measurement and analysis

All investigated electrode materials were sputtered with 2 + 1 um Al layer on
one side to achieve better contact between the electrode and the current col-
lector. Electrochemical measurements were performed in a symmetrical two-
electrode Al test-cell (Hohsen Corp, Japan), which were assembled inside a
glove box filled with Ar atmosphere (H,O and O, < 0.1 ppm) at room tempe-
rature (21 £ 1 °C). A 25 um thick cellulose separator TF4425 (Nippon Kodoshi,
Japan), two 2 cm? disk electrodes, and 3 ml of 1 M triethylmethylammonium
tetrafluoroborate (TEMABF,, Stella, 99.9%) in acetonitrile (AN, Sigma-
Aldrich, > 99.9%) electrolyte were used to complete the test cell. 3 ml of
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1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF,, Fluka, > 99.0%)
was used as the electrolyte with the investigated electrode materials for com-
parison of carbon fabric properties influence on the electrochemical perfor-
mance of EDLCs in previous publications [107-109]. To assure the wetting of
the electrode material the assembled test cells were cycled between 0 and 1.0 V
with 10 mV s scan rate for 16 hours prior to electrochemical measurements.
The electrochemical behaviour of the supercapacitors was tested using CV and
EIS methods on an electrochemical testing station Parstat MC 1000 (Princeton
Applied Research, USA). Impedance spectra were measured over alternating
current (AC) frequency, f, range from 10° Hz to 3 x 10° Hz with 5 mV ampli-
tude. All gravimetric values are calculated per the whole electrode mass, i.e.
mass normalisation is not done only for the active carbon.
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7. RESULTS

7.1. Electrochemical measurements of carbon fabric and
carbide-derived carbon electrodes

The addition of small organic solvent additions to ionic liquids and ionic liquid
mixtures as electrolytes for EDLC applications were studied previously [107-
109]. Although the physical properties, conductivity, viscosity, and melting
temperature, were improved by the organic solvent addition, the electroche-
mical performance of EDLC systems could not be remarkably improved by the
small addition of organic solvent. Thus, instead of improving the electrolyte,
through the addition of components with favourable properties, the influence of
carbon electrodes properties on the performance of EDLC systems was taken
under investigation. As the carbon fabric electrodes performed comparatively
well for electrode material with no dead-mass, i.e. no binder addition, further
microporous carbon fabrics were chosen.

TiC-CDC 950 °C and commercial carbon fabric electrodes; L-0.3-135, T-1
and T-1-040, exhibit specific surface areas over 500 m* g™ and total pore
volumes over 0.25 cm® g™ (Table 1 and Table 2). For all the used electrode
materials pore widths under 2 nm are prevalent and L-0.3-135 exhibits the
smallest pores, with almost all pores with widths under 0.8 nm (Figure 2). As
the investigated TEMABF, electrolyte ions have a minimal diameter without a
solvate layer [157,158], the specific surface areas of pores with widths over
0.7 nm are calculated using the 2D-NLDFT-HS model in Table 2. The pore size
distribution of TiC-CDC 950 °C powder and TiC-CDC 950 °C made into
electrodes are almost identical, where only the specific surface area and pore
volume decrease equally with the mass addition of the binder, thus, only the
pore size distribution of TiC-CDC 950 °C powder is shown in Figure 2.

——L-0.3-135
——T-1-040
——T-040

£ ——TiC-CDC 950 °C
o ——Mo,C-CDC 1000 °C
e ——TiC-CDC 1100 °C HCI
G ——RP-20
§05
o
3
S
o

0.0

w__/nm
pore

Figure 2. The pore size distribution, the differential volume of pores vs pore width on
the axes, for all investigated carbon materials. Pore size distributions have been
calculated from the simultaneous fitting of N, and CO, isotherm data with the 2D-
NLDFT-HS model using SAIEUS software.
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According to the analysis of Raman spectra, the carbon fabric electrodes are
within a similar level of order, with average correlation lengths, L., within
16.5 + 2.1 nm (Table 3). The TiC-CDC 950 °C electrode is more disordered in
comparison to the carbon fabrics, with L, = 8.2 nm.

Based on XPS measurements data carbon fabric L-0.3-135 has the largest
amount of surface impurities containing oxygen and silicon (Table 4). The other
two carbon fabrics have negligible amount of impurities.

1mvs'
—L-0.3-135
005 | —— T-1-040
—T-040

—— TiC-CDC 950 °C —
L T
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" 000
_005 1 1 1
0 1 2 3
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Figure 3. Cyclic voltammograms of 1 M TEMABF, in AN electrolyte for investigated
electrode materials measured at scan rate 1 mV s, Current is normalized to the total
mass of electrodes.

Cyclic voltammograms measured up to AE = 3.2 V and at scan rate of 1 mV s™
are presented in Figure 3. For all electrodes, except L-0.3-135, the current starts
to increase nearly exponentially when cell potential higher than 2.8 V is applied.
The current for a cell with L-0.3-135 electrodes started to increase nearly
exponentially already at AE = 2.5 V scan rates, v < 10 mV s, were used.

The electrochemical impedance spectroscopy (EIS) measurement at low
frequencies and high applied cell potentials, AE > 3.2 V exhibit a phase angle
more negative than -83° for T-1-040 and T-040 electrodes (Figure 4(a)). The
phase angle, ¢, at AE = 2.0 V is near -80° for L-0.3-135. With the increase of
AE the absolute phase angle value of L-0.3-135 electrodes decreases at low
frequencies, whilst maintaining a more negative phase angle, ¢ < -70°, when
0.01 Hz < f < 0.4 Hz (Figure 4(b)).
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Figure 4. Phase angles (¢) of investigated electrode materials with 1 M TEMABF, in
AN electrolyte (a) at various applied cell potentials AE (noted in Figure) calculated
from EIS measurements at 1 mHz and (b) over a frequency range from 1 mHz up to
10 Hz at two applied cell potentials, given in Figure (2.0 V, squares, and 2.7 V,
triangles) (b).

Thus, the applicable cell potential region for T-040 and T-1-040 two-electrode
cells filled with 1 M TEMABF, in AN electrolyte is at least 2.7 V. Only slow
Faradic side processes appear at 2.7 < AE < 3.2 V, whereas the applicable cell
potential range for L-0.3-135 based cell is only 2.0 V. This is most likely caused
by the Si and O surface impurities determined with XPS (Table 4). The impu-
rities start to react with the electrolyte at lower AE in comparison to other in-
vestigated electrode materials free from contaminants.

47



Specific capacitance values per one electrode calculated from CV and EIS
measurements at 1 mV s™ and at 1 mHz, respectively, are given in Table 4. In-
vestigated electrode materials, except L-0.3-135, have specific capacitance
values of Cy1¢ > 100 F g™. L-0.3-135 electrode exhibits a very low capacitance
value of Cy1 < 4 F g™ and the calculated maximum specific energy density of
only Ena = 0.42 Wh kg at 2.0 V (Table 5). In comparison, other electrode
materials exhibit Eya 28 Wh kg™ at 2.7 V.

Table 5. Electrochemical characteristics of investigated carbon fabrics and TiC-CDC
950 °C electrodes with 1 M TEMABF, in AN electrolyte. Electrochemical characte-
ristics for L-0.3-135 are acquired at AE = 2.0 V and for other electrodes at AE = 2.7 V.

Electrode Co.tel Rs Cs % Emax Prmax
material Fg' | Qem? | Fg! s Wh kg™ KW kg™
L-0.3-135 3.6 0.4 3.0 0.028 0.42 33
T-040 100 0.5 110 4.3 28 46
T-1-040 101 0.5 110 1.6 28 75
T'C'(f,'éc %01 101 0.2 108 | 04 27 218

Cgy.1e1 —specific capacitance calculated from the averaged discharge current from CV
measurements at 1 mV s?, R — series resistance calculated from EIS data at Z” = 0 Q
cm?, C, — series capacitance per one electrode at 1 mHz calculated from EIS data
according to equation (23), % — characteristic relaxation time calculated from
intersection frequency of real and imaginary part of complex power components
according to Eq. 32, E..x — maximal specific energy per total electrode mass (according
to Eq. 26), Pnax — maximal specific power per total electrode mass (according to Eq.
27).

TEMA" ions linear dimensions are between 0.65 and 0.8 nm, depending on the
direction [157,158] and most pores in L-0.3-135 are smaller than 0.8 nm. Thus,
the very low capacitance and energy density values are caused by the size
restrictions of the small pores in the electrode material, where the electrolyte
ions have limited access to the electrode surface area (Table 2).

The TiC-CDC 950 °C electrodes do not exhibit higher capacitance values if
compared with T-040 and T-1-040, regardless of the larger available surface
area in comparison to other investigated electrode materials. This limited
increase in the amount of stored energy with the increase of specific surface
area is in accordance with results by other authors and is explained by the
limited charge the carbon material can acquire when the pore walls, i.e. carbon
density, get thinner with the increase in porosity and specific surface area
[13,18].
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The relaxation time constant, z, and the maximum specific power, Py,
(Table 5) are in complex dependence with the properties of the electrode
material, i.e. 7 and P are influenced by the thickness of the electrode, size of
the pores, and the conductivity of the electrode material [159-161]. The T-1-
040 and T-040 electrodes have almost identical pore size distributions, specific
surface areas, average correlation lengths, amount of surface impurities, and
series resistances. Thus, the almost threefold difference in z and the one and a
half times difference in P, between T-1-040 and T-040 can be explained by
the differences in the electrode thickness, where the thinner electrode has higher
Pmax and smaller z. In respect to practical applications, the quick z and
adequate P of L-0.3-135 are counteracted by the lacking amount of stored
energy. The two magnitudes quicker z of L-0.3-135 in comparison to the other
two carbon fabrics indicates that the electrical double layer forms only on the
external surface of the electrode material as the pores are not accessible to the
electrolyte ions. The outstanding P for TIC-CDC 950 °C is achieved through
a combination of higher conductivity (lower Rs), the higher contribution of
pores with widths > 1 nm, and the low thickness of the electrode material.

Otherwise identical EDLCs were assembled with EMImBF, electrolyte. The
objective was to compare the investigated carbon fabrics properties influence on
electrochemical performance with previously used microporous carbon cloth
(MPCC) electrode [107-109]. In comparison to the investigated electrode
materials (Table 1) MPCC is a high surface area (Sger = 1560 m? g™) binderless
electrode material with a substantial amount of pores with widths over 2 nm
(Vimicro/ Viet = 0.75 and Spicro/Sger = 0.93). All investigated electrode materials,
except L-0.3-135, exhibited almost ideally capacitive behaviour at applied cell
potential AE = 3.2 V based on cyclic voltammograms (Figure 5). Similarly to
1 M TEMABF4 in AN electrolyte, the EMIMBF, ionic liquid electrolyte
exhibits a very low capacitance (3.8 F g, Table 6) with L-0.3-135 electrode,
which is caused by the lacking amount of pores with widths larger than 0.8 nm
and the large ionic radius of EMIm®, 3.04 A [162]. The considerable ratio of
pores with pore widths over 2 nm (Pore size distribution presented in [108]) in
MPCC electrodes brings forth the enhanced power performance in comparison
to other investigated carbon fabric electrode materials. This is exhibited by the
more rectangular-shaped voltammograms of MPCC electrodes at scan rate
1 mV s™ in comparison to other investigated carbon fabric electrodes (Figure 5).
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Figure 5. Cyclic voltammograms of EMImBF, electrolyte for investigated carbon
fabric electrode materials and MPCC electrode material [107—109] measured at scan
rate 1 mV s™*. Current is normalized to the total mass of electrodes.

Regardless of the larger thickness of MPCC electrodes (0.78 mm, Table 6), the
5 of EMIMBF, electrolyte with MPCC electrodes was lower than for T-040. In
case of EMImBF, electrolyte the difference in the surface area from large
enough pores, Spero.7nm, between T-040 and T-1-040 is apparent in the higher
specific calculated capacitance, Cgyi., of T-040 (Table 6). The higher Ry of
MPCC electrodes is most probably caused by the larger thickness of MPCC
electrodes (Table 6).

Table 6. Electrochemical characteristics of investigated carbon fabrics electrodes with
EMImBF, electrolyte. Electrochemical characteristics are acquired at AE = 3.2 V.

Electrode Thickness Cyel Rs 7 Origin of
material mm Fg' | Qcm? s data
L-0.3-135 0.42 +0.02 3.8 0.9 0.078 This work
T-040 0.38 +£0.02 115 0.9 57 This work
T-1-040 0.25+0.02 101 1.0 6.9 This work
MPCC 0.78 107 1.8 17 [107-109]

Cgy.1e1 —Specific capacitance calculated from the averaged discharge current from CV
measurements at 1 mV s?, R, — series resistance calculated from EIS data at Z” = 0 Q
cm?, 7 — characteristic relaxation time calculated from intersection frequency between
the real and the imaginary part of complex power components according to Eq. 32.
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The electrochemical investigation of the three carbon fabric electrodes and one
carbide-derived carbon electrode demonstrated the fundamental aspects of using
carbon-based materials as electrical double layer capacitor electrodes. The
uselessness of carbon electrodes with too small pores in comparison to the
electrolyte ion size is shown by the limited capacitance values of L-0.3-135 as
has been shown for C-SiC (without activation) two-electrode cells [119]. In case
of sufficiently large pores, the capacitance does not increase over a climiting
value, even when available specific surface area increases. This is exhibited by
the limited capacitance values of electrodes made from TiC-CDC 950 °C,
although the available specific surface area is larger than for T-1-040 and T-040
electrodes. The influence of electrode thickness is exhibited by the otherwise
identical electrodes T-1-040 and T-040, where thinner electrode shows almost
twice the power performance (power density) in comparison to the thicker
electrode. The enhanced power performance in the presence of larger pores is
exhibited by the TiC-CDC 950 °C electrode. The importance of larger pores for
the effective diffusion of electrolyte ions is shown with the ionic liquid,
EMImBF,, electrolyte and through the comparison with previous publications
[107-109].

7.2. Methane adsorption on carbide-derived carbons

The adsorption of methane is investigated on three carbide-derived carbons
(CDCs), TiC-CDC 950 °C, TiC-CDC 1100 °C HCI and Mo,C-CDC 1000 °C.
The pore size and the level of ordering of the carbon structure increase in the
following order: TiC-CDC 950 °C < TiC-CDC 1100 °C HCI < Mo,C-CDC
1100 °C, according to the Vpicro/ Vit (Table 1), the pore size distribution (Figure
2). The L, and Ip/lg values are given in Table 3.

The isotherm of the total amount of adsorbed methane is calculated by fitting
a modified Langmuir isotherm on the methane excess adsorption isotherms

(Figure 6). The maximum adsorption, n_>, calculated from the modified

ads

Langmuir isotherm fit at isothermal conditions, is highest for TiC-CDC 950 °C
system at all measured temperatures (Figure 7 (a)). The nl>‘ is normalized

ads
with the specific surface areas, calculated by using the BET theory, Sget, and by
using the DFT modelling, Sprr, method (Table 1 and Table 2) to compare the
amount of methane that can adsorb per unit of surface area (Figure 7 (b,c)).

The n values normalized with the specific surface area, except TiC-CDC
1100 HCI normalized with Sger, are within uncertainty limits of each other. The

unreliability associated with using the BET theory on N, adsorption isotherms,

especially in the case of microporous adsorbents, has been brought up and
discussed in Ref. [163]. In addition, the n&* of TiC-CDC 1100 HCI nor-

ads

malized with Sper, which combined both N, and CO, adsorption isotherms, falls
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max max

in line with other adsorbent n.,. values normalized with Sper. Thus, the n,,

per surface area is almost equal in case of investigated carbon materials, i.e. the
maximum amount of methane that can be adsorbed per unit of surface area does
not remarkably vary in the range of investigated specific surface areas (from
700 m? g up to 1500 m? g*) and pore size distributions (Figure 2).
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Figure 6. Measured excess adsorption (squares, filled), excess adsorption fit with the
modified Langmuir isotherm (dashed grey lines) and the calculated total adsorption
isotherm (circles, empty filling) of methane on TiC-CDC 950 °C at three different
temperatures, noted in Figure.

The equilibrium coefficients of methane adsorption, K, calculated from the
fitting with modified Langmuir isotherm fit, are presented in Figure 7 (d).
Calculated K values decrease in the following order: TiC-CDC 950 °C > TiC-
CDC 1100 °C HCI > Mo,C-CDC 1000 °C. A higher K value means that ad-
sorption is more favoured at a certain pressure and temperature, i.e. with an
increase in K the same fraction of the surface of the adsorbent is covered with
adsorbed species at lower pressures. Thus, the pressure of methane adsorption is
lower on CDCs with smaller pores and with lower average correlation lengths,
L.
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Figure 7. Gravimetric maximum adsorption of methane (a), maximum adsorption of
methane normalized with the BET specific surface area (b), maximum adsorption of
methane normalized with the DFT specific surface area (c) and the methane adsorption
coefficient (d) of the three investigated CDC adsorbents. All data is obtained from the
fitting of ne,. With a modified Langmuir isotherm (Eq. 2, 38 and 39).

The adsorption enthalpy, AH?, , and adsorption entropy, AS?, , of methane are

calculated at standard state (0.1 MPa, i.e. 1 bar) by the use of the Van’t Hoff
equation (Figure 8) to gain a better understanding of the effect of the CDC

adsorbents surface on the adsorption thermodynamics. The AS?_  decreases

ads
towards more negative values with the increase in L, and with the increase of
pore size according to the pore size distribution data (Figure 2). The same trend

can be seen for AH®_, although not in such a conclusive manner. As the L,

ads ’
decreases, i.e. the disorder of material increases in the CDC materials, a larger
amount of edge and/or defective sites in the graphitic carbon structure are
available for adsorption of methane. Thus, the adsorbed methane forms a less
ordered adsorption layer, i.e. the absolute value of the entropy of adsorption is
smaller. The formation of a more uniform layer of adsorbed methane causes a
more negative enthalpy of adsorption, where the enthalpy of adsorption goes
towards more positive values with the use of a more ordered CDC adsorbent.
As the entropy of adsorption in the Gibbs free energy equation (Eq. 47) is
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multiplied with temperature, the more positive entropy of adsorption is espe-
cially beneficial for adsorption of methane at higher temperatures but bestows
limited advantage at low temperatures, e.g. near the temperature of methane
liquefaction (90.7 K). Thus, in case of the investigated CDCs (T < 130 K, i.e.
T < -143 °C) the enthalpy of adsorption, for attaining favourable adsorption
equilibrium, is crucial only at very low temperatures.
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TiC-CDC 1100 °C HCI
Mo,C-CDC 1000 °C

L
o
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ads

AH®. / kJ mol”

11 k-
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ads

Figure 8. The enthalpy and entropy of methane adsorption in standard state at
investigated CDC adsorbents. The arrow indicates the decrease in the average pore size
and in the average correlation length for the CDC adsorbents.

Based on the adsorption measurements of methane on three CDCs the maxi-
mum amount of adsorbed methane per surface area at isothermal conditions
does not remarkably depend on the pore size or the level of ordering of the
carbon materials under investigation. The adsorption equilibrium is notably
influenced by the carbon structure and adsorption of methane on more disordered
and more microporous CDCs has a more positive adsorption entropy and
enthalpy. Thus, by using carbon materials with a higher level of disorder and/or
with smaller pores the same fractional surface coverage can be achieved at much
lower pressures (Figure 9), especially at higher temperatures (T > -60 °C).
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Figure 9. The pressure at which the fractional surface coverage, 6, is 0.9, i.e. Ny IS

90% from the n;jix , Vs. the temperature of adsorption for investigated CDC adsorbents.

7.3. Complex metal hydride/carbon composites

Commercial carbon RP-20 is used as the supporting material for confining
NaAIH,. RP-20 is a microporous carbon (most pores with widths < 2 nm)
(Figure 2) with a high surface area (Sger = 1840 m? g and Sper = 1650 m? g)
(Table 1 and 2). Based on the L, value of 16.1 nm (Table 2), calculated from
Raman spectra, RP-20 is ordered carbon in relation to CDCs.

The presence of crystalline NaAlH, is determined by X-ray diffraction (XRD)
for all NaAIH,/RP-20 composite materials with > 10 wt% of NaAlH, (Figure
10, Table 7). Thus, even at low wt% of NaAlH, some of the NaAlH, is
deposited as a bulk/crystalline phase. The decomposition and hydrogen release
temperature of NaAlH, is lowered through the confinement of low wt% of
NaAlH, in a carbon scaffold. The bulk NaAIH, started releasing H, at 170 °C
but the 10NaAIH4/RP-20 started releasing H, already near ambient temperature
(<40°C), (Figure 11).
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Figure 10. X-ray diffractograms of bulk NaAlH, (a, b), 60NaAlIH,/RP-20 (c, d) and
10NaAlH,/RP-20 (e, f) before (a, ¢ and e) and after 10 dehydrogenation/hydrogenation
cycles (b, d and f). Diffraction peaks of NaAlH, are noted as ® and diffraction peaks of
NasAlHg are noted as &.

Table 7. The average crystallite sizes and hydrogen content of pure NaAlH, and
NaAlH,/RP-20 composite materials

NaAlH, Cycled 7(NaAlH,) oAl) 7(NaszAlHg)
wit% nm nm nm

100 No 110+ 2

100 Yes, at 200 °C 95+3 201+ 10 165+7
60 No 76 +2

60 Yes, at 200 °C 146 + 14 207 +42
10 No 47 +5

10 Yes, at 170 °C 50+7

7— Average crystalline domain size of NaAIH,, Al and NazAlHe.

10 dehydrogenation/hydrogenation cycles (cycling) are performed to determine
the effect of confinement on the ability of NaAlH, to release hydrogen
reversibly. Diffraction peaks from decomposition products, Al and/or NazAlHeg,
appear for bulk NaAlH, and for all cycled NaAIH/RP-20 composites (Figure
10). After cycling the NaAlH, diffraction peak is only detected for bulk
NaAlH,. Thus, confined NaAlH, does not reform as a crystalline with large
enough crystallites to be detectable with XRD after cycling. The calculated
average crystallite sizes are given in Table 7. The decomposition products, Al
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and NasAlHg, form larger crystallites during cycling in comparison to the
primary NaAlH,, with the exception of 10NaAlH,/RP-20. The equal size of Al
crystallites after cycling and NaAlH, crystallites before cycling in 10NaAIH,/
RP-20 is most likely caused by the limited segregation of Al into larger
crystallites, which is withheld by more effective confinement of NaAlH,, when
lower wt% os NaAlH, is deposited onto/into RP-20.
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Figure 11. Integrated wt% of released hydrogen from bulk NaAIH, (black line),
from 60NaAlH,/RP-20 (blue line) and from 10NaAlIH,/RP-20 (red line) before
(filled lines) and after 10 dehydrogenation/hydrogenation cycles (dashed lines).

Released hydrogen is measured with an applied temperature ramp rate of 2 °C
P
min™.

Substantial degradation in the amount of released hydrogen is observed for all
materials after cycling (Figure 11). During cycling at 200 °C the intensive
hydrogen release temperature for bulk NaAlH, shifted from 220 °C to 245 °C.
Meanwhile, the total amount of released hydrogen is not reduced in a larger
degree in comparison to NaAIH4/RP-20 composite materials. This might be
caused by the merging of NaAlH, into a unitary bulk at melting temperature,
which Kkinetically hinders the hydrogen release and, thus, hydrogen is released at
higher temperatures when a constant temperature ramp-up rate is applied.
Nevertheless, the reversible decomposition/reformation of NaAlH, is main-
tained. In contrast to bulk NaAlH,, the temperature of the intensive hydrogen
release from 60NaAlH,/RP-20 is decreased from 195 °C to 180 °C and the
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the intensive hydrogen release during cycling of confined NaAlH, is caused by
the conversion of NaAlH, crystallites, i.e. ordered particles, into more
amorphous and/or smaller particles, which is supported by the disappearance of
the NaAlH, diffraction peak during continuous cycling.

It is shown that the confinement of NaAlH, onto/into a supporting carbon
material decreases the temperature of hydrogen release. Hydrogen is released
already at ambient temperature in case of low wt% loading of NaAIH, into RP-
20. Confinement of NaAlH, into RP-20 prevents the formation of larger
NaAlH, crystallites during cycling and, thus, keeps/decreases the temperature of
hydrogen release.

In principle, confinement of NaAlH, should also increase the amount of
reversibly released hydrogen. However, this is not the case as the ratio of
reversibly stored hydrogen is nearly equal for all investigated materials. Also,
Al diffraction peaks, from the irreversible decomposition of NaAIH,, appear for
all investigated materials. In addition to the contribution from the segregation of
decomposition products to the decrease in the amount of reversibly stored
hydrogen, the inherent stability of nanoconfined NaAlH,; into RP-20 might
decrease the amount of released hydrogen. The hydrogenated samples are
stored, between the cycling and the hydrogen release measurements, in Ar
atmosphere and at ambient conditions. It was found that the 10NaAlH,/RP-20
starts to release hydrogen already near ambient temperature. Thus, the
10NaAlH,/RP-20 material might have decomposed already between the cycling
and hydrogen release measurements.

7.4. Conclusion

The gas adsorption, electrochemistry, and investigations into the capability of
carbon composite material to hydrogen storage are implemented to investigate
the influence of carbon materials properties on the energy storage applications.
The amount of stored energy, charge in case of electrical double layer
capacitor (EDLC) systems and molecules of gas in case of physical adsorption,
per surface area depends on chemical nature of the adsorbing species. In case of
molecular adsorbents the maximum amount (which can be adsorbed) depends
linearly on the surface area, i.e. at isothermal conditions the number of adsorbed
molecules at full surface coverage per surface area is constant, regardless of the
pore size and specific surface area values. For charged adsorbates, i.e. ionic
species, there is a limit to how many ions contribute to the formation of
electrical double layer (EDL) at a certain applied cell potential. When available
surface area increases over a limiting value, the additional surface area does not
increase the amount of charge stored in an EDL. This is caused by the limited
amount of carbon available to charge in case of high surface area materials and
the repulsive interactions between adsorbed ions with the same charge type.
Thus, to increase the amount of adsorbed gas in the porous material a maximum
possible surface area should be pursued, but for an increased amount of stored
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electric charge in the EDL alternative methods should be applied, such as
surface functionalisation, alternative materials to carbon etc.

The influence of the pore size of a carbon material on the energy storage
applications is most critical in case of systems where the liquid phase molecules
and ions diffusion rate is a limiting step to achieve higher power densities. The
increased power density of TiC-CDC 950 °C electrodes is, in addition to the
smaller thickness, enhanced by the presence of somewhat larger pores in the
hierarchical porous structure. As both the level of ordering and pore size depend
on the carbide-derived carbon (CDC) used to investigate the adsorption of
methane, both must be taken into account at the same time. The thermodyna-
mics of methane adsorption, i.e. enthalpy and entropy of adsorption, is more
favoured in case of smaller pore size and lower average correlation length, i.e.
depending on the level of graphitic ordering of CDCs. Thus, adsorbents with
higher disorder and smaller pores adsorb the same amount of gases at lower
pressures.

The capability of microporous carbon to confine the complex metal hydride
into carbon structure and, thus, lower the temperature of hydrogen release has
been shown. Most remarkably, confinement of < 60 wt% NaAlH, onto/into
microporous carbon, RP-20, depresses the segregation of decomposition pro-
ducts, thus, improving the reversible hydrogen storage capability of NaAIH,/
RP-20 over more usage cycles. In addition, the confinement of NaAlH, into/
onto microporous carbon caused the reforming of NaAlH, into smaller particles
or as an amorphous state during the implementation of multiple dehydro-
genation/hydrogenation cycles.
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8. SUMMARY

The influence of the properties of carbon materials on the behaviour of energy
storage applications was investigated using microporous carbon materials with
the high sruface area. Carbon materials were used as electrode materials in
electrical double layer capacitors (EDLCs) for electrical charge storage, as gas
adsorbents for adsorption of methane, and as a supporting material for hydrogen
storage in nanoconfined complex metal hydride. The main properties of interest
for the carbon materials were specific surface area and the amount of stored
energy per active surface area, average pore size and pore size distribution, and
level of ordering (average correlation length). The specific surface areas, the
volume of pores, and the pore size distribution of investigated carbon materials
were determined with N, and CO, adsorption methods. The average correlation
length was determined fitting the Raman spectra.

Electrochemical measurements were performed on three carbon fabrics and
one carbide-derived carbon (CDC) based electrode material with organic
solvent based electrolyte, 1 M triethylmethylammonium tetrafluoroborate
(TEMABF,) in acetonitrile (AN), and with the ionic liquid, 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF,). The carbon electrode mate-
rials were covered with an Al layer, for improved conductivity, and the
electrode thicknesses were measures. The unsuitability of pores with too small
widths, in comparison to the electrolyte ions, the influence of electrode
thickness to power density and the small influence of increasing the available
surface area over a certain value (> 500 m? g*) to the energy density were
shown. Also, the larger dependency of energy density on the available surface
area in case of an ionic liquid electrolyte, EMImBF,, in comparison to 1 M
TEMABF, in AN electrolyte was shown.

Methane adsorption was investigated on three CDC adsorbent materials with
different and well-defined pore size distributions and average correlation
lengths. The excess adsorption isotherms of methane were measured at methane
partial pressures from 0.03 to 1.35 MPa and at temperatures from -100 °C to
40 °C. The total adsorption isotherms were calculated from fitting the excess
adsorption isotherms with a modified Langmuir isotherm equation. The
adsorption enthalpy and entropy were calculated according to the Van’t Hoff
equation from the fitting results with a modified Langmuir isotherm equation.
For investigated CDC adsorbent materials the maximum adsorbed amount of
methane normalized with the surface area is almost equal, thus, the maximum
amount of gas adsorbed does not depend on the pore size or level of ordering in
the case of investigated CDCs. In the adsorption equilibrium, adsorption is more
favoured in the case of more disordered CDCs with smaller pores.

Microporous high surface area carbon, RP-20, was used as a supporting
material for the nanoconfinement of complex metal hydride NaAlH,. From 10
to 60 wt% of NaAlH, was deposited onto/into RP-20 through solution im-
pregnation method and the amount of released hydrogen was measured at a
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constant temperature ramp rate. The presence and crystallite sizes of NaAlH,
and the decomposition products of NaAlH,; were determined by X-ray
diffraction. The temperature, at which hydrogen release started, was lowered
from 170 to 40 °C through the nanoconfinement of NaAlH,. 10 dehydro-
genation/hydrogenation cycles were applied on the NaAIH,/RP-20 composite
materials and pure NaAlH,. The temperature of hydrogen release decreased
during cycling and the NaAlH, diffraction peaks were not detectable in case of
60NaAlH,/RP-20. The nanoconfinement of NaAlH,; onto/into a microporous
carbon material caused the reforming of NaAIH, into smaller or more
amorphous particles during cycling.
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10. SUMMARY IN ESTONIAN

Susinikmaterjalid energiasalvestus rakendustes

Siisinikmaterjalide omaduste moju energiasalvestus rakendustele uuriti kasuta-
des mitmeid suure eripinnaga mikropoorseid siisinikmaterjale. Siisinikmaterjale
kasutati elektroodmaterjalina elektrilise kaksikkihi kondensaatorites laengu
salvestamiseks, adsorbentidena metaani salvestamiseks ning kandematerjalina
kompleksmetallhiidriidi sidumiseks pinnale ja pooridesse, selleks et pédrduvalt
vesinikku salvestada. Uuritavateks siisinikmaterjali karakteristikuteks olid eri-
pindala, salvestatud energia hulk pinnaiihiku kohta, poori suurus, poori suurus-
jaotus ning struktuurne korrapédra (keskmine korrelatsiooni pikkus). Siisinik-
materjalide eripindala, poori ruumala ning poorijaotus méadrati N, ja CO,
adsorptsiooni meetoditega. Siisinikmaterjalide keskmine korrelatsiooni pikkus
maidrati Raman spektrist.

Elektrokeemilised mootmised teostati kolmel siisinikkangal ning iihel
karbiidset péritolu siisinikul (KPS) pohineval elektroodmaterjalil. Elektro-
litidina kasutati 1 M trietiitilmettiiilammonium tetrafluoroboraati (TEMABF,)
atsetonitriilis (AN) ning ioonset vedelikku 1-etiiiil-3-metiitilimidasoolium tetra-
fluoroboraati (EMIMBF,). Méérati elektroodide paksused ning elektroodmater-
jalid kaeti iihelt poolt Al kihiga juhtivuse parandamiseks. Antud t66s toodi vélja
liiga védikeste pooride sobimatus elektrilise kaksikkihi moodustamiseks, elekt-
roodi paksuse mdju vdimsustihedusele ja eripindala suurendamise viike moju
energiatihedusele, juhul kui eripindala on suurem kui > 500 m? g*. Niidati
eripindala suuremat moju energiatihedusele ioonse vedeliku, EMImBF,, pohise
elektroliiiidi kasutamisel, vorreldes 1 M TEMABF, AN elektroliiidiga.

Metaani adsorptiooni uuriti kolmel KPS-1, mis olid erineva ja selgelt maa-
ratletud poori suurusjaotusega ja keskmise korrelatsiooni pikkusega. Metaani
adsorptsiooni liig mdodeti metaani osaréhkude vahemikus 0.03 kuni 1.35 MPa
ning temperatuurivahemikus -100 kuni 40 °C. Summaarne adsorbeerunud
metaani hulk arvutati metaani adsorptsiooni liiast kasutades muudetud Lang-
muiri isotermi vorrandit. Metaani adsorptsiooni entalpiad ja entroopiad arvutati
adsorbeerunud metaani isotermidest Van’t Hoffi vorrandit kasutades. Eri-
pinnaga normeeritud maksimaalselt adsorbeerunud metaani hulgad olid peaaegu
vordsed kdikide uuritud KPS-e puhul. Seega maksimaalne metaani hulk, mida
saab adsorbeerida ei sdltunud poori suurusest, ega siisinikmaterjali korrapérast
uuritud KPS-e puhul. Adsorptsioonitasakaalus on adsorptsioon eelistatud
stisinikmaterjalide puhul mis on korraparatumad ning vdiksemate pooridega.

Suure eripinnaga mikropoorset siisinikku, RP-20, kasutati kandematerjalina
kompleksmetallhiidriidi, NaAlH,, sidumiseks. 10 kuni 60 mass% NaAlH,-i
kanti RP-20 pinnale ja pooridesse lahusega immutamise meetodil. Eraldunud
vesiniku hulk méarati tihtlase Kiirusega temperatuuri tostes. NaAIH, ja tema
laguproduktide kristalliitide olemasolu ning suurused méérati rontgendifrakt-
siooni meetodiga. Vesiniku eraldumise temperatuuri vahendati 170 °C-It 40 °C-
ni NaAlH,-ja sidumisega RP-20-e pooridesse ja pinnale. Rakendati 10 vesiniku
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eraldamise ja tidislaadimise tsiiklit NaAlH,/RP-20 komposiitmaterjalidele ja
puhtale NaAlH,-le. 60 mass% NaAlH4-ga komposiitmaterjali vesiniku eraldu-
mise temperatuur alanes ning kristalne NaAIH, faas kadus tsiikleerimise kéigus.
NaAlH, sidumine mikropoorse siisinikmaterjali pinnale ja pooridesse pShjustas
tsiikleerimise kdigus NaAIH, iimberorganiseerumise vdiksemateks voi amorfse-
teks osakesteks.
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