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Abstract

The transition to a hydrogen-based energy economy is gaining momentum as industries and
governments seek sustainable alternatives to fossil fuels. However, the efficient storage of
hydrogen remains a critical challenge, particularly for mobile applications requiring high
energy density and compact storage solutions. Among the various hydrogen storage methods,
physisorption in nanoporous materials has emerged as a promising approach, offering high
storage capacities under cryogenic conditions without the need for extreme pressures. This
thesis investigates the potential of nanoporous carbons as hydrogen storage materials,
focusing on their structural characteristics, hydrogen adsorption behavior, and the

densification of hydrogen in nanopore confinement.

The first part presented explores the synthesis of bio-derived activated carbons from orange
peels and used tea leaves, highlighting their potential as sustainable hydrogen storage
materials. By employing a simple chemical activation procedure, the resulting nanoporous
carbons exhibit surface areas exceeding 2100 m?/g and pore volumes beyond 1.5 cm3/g, key
factors influencing hydrogen adsorption capacity. The systematic evaluation of pore structure
and chemical composition reveals that ultramicropores (< 0.7 nm) dominate hydrogen uptake
at low pressures, while supermicropores (0.7-2 nm) and mesopores (>2 nm) enhance
adsorption at higher pressures. Statistical correlation analysis confirms that the micropore
volume and the total surface area are the strongest predictors of storage performance,
whereas the influence of heteroatom concentration on storage performance requires further
studies. These insights provide a framework for optimizing activated carbons for hydrogen

storage applications.

In the second part, in-situ neutron scattering is utilized to directly probe the spatial
distribution of hydrogen in nanoporous carbons. Small-angle neutron scattering (SANS)
measurements at cryogenic temperatures reveal a pore-size-dependent densification, where
hydrogen confined in the smallest pores approaches or even exceeds its bulk solid density.
The study establishes a hierarchical contrast model describing density evolution across
different pore classes, confirming that confinement in ultramicropores (< 0.7 nm) leads to

extreme densification. The findings underscore the importance of strong confinement effects
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on hydrogen adsorption behavior, providing crucial experimental evidence to support the

development of next-generation storage materials.

The third part integrates atomistic simulations to complement experimental observations,
offering deeper insight into the confinement-dependent adsorption mechanisms. Molecular
simulations in realistic atomistic models of nanoporous carbons reveal preferred adsorption
sites, showing that highly defective regions enhance local hydrogen density. The comparison
between simulated and experimental scattering data suggests that while deuterium (D)
follows simulated adsorption trends, hydrogen (H;) shows clustering effects, likely due to
specific spin isomer interactions that were not considered in the interaction potentials. These
results highlight the complexity of hydrogen adsorption in nanoporous carbons and emphasize
the need for refined atomistic models incorporating surface chemistry and spin effects in the

interaction potentials.

This thesis advances the understanding of hydrogen adsorption in nanoporous carbons,
demonstrating the potential of bio-derived materials for sustainable hydrogen storage
applications. The integration of experimental techniques and atomistic modeling provides a
comprehensive perspective on the role of pore size, surface area, and chemical composition
in optimizing hydrogen uptake. The insights gained contribute to the ongoing development of
high-performance hydrogen storage systems, bridging the gap between fundamental

adsorption mechanisms and practical applications.
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Kurzfassung

Die Transformation zu einer wasserstoffbasierten Energieversorgung gewinnt zunehmend an
Bedeutung, da Industrien und Regierungen weltweit nach nachhaltigen Alternativen zu
fossilen Brennstoffen suchen. Allerdings bleibt die effiziente Speicherung von Wasserstoff
eine grofle Herausforderung, insbesondere fiir mobile Anwendungen, die eine hohe
Energiedichte und kompakte Speichersysteme erfordern. Unter den verschiedenen Methoden
zur Wasserstoffspeicherung hat sich die Physisorption von Gasmolekilen in nanoporésen
Materialien als vielversprechender Ansatz erwiesen. Die hohen Speicherkapazitaten unter
kryogenen Bedingungen ermoglicht eine effiziente Speicherung, ohne extreme hohe Driicke
zu bendtigen. Diese Dissertation untersucht das Potenzial von nanopordsen Kohlenstoffen als
Wasserstoffspeichermaterialien, wobei der Fokus auf deren strukturellen Eigenschaften,

Adsorptionsverhalten und der Verdichtung von Wasserstoff in Nanoporen liegt.

Der erste Teil befasst sich mit der Synthese von biobasierten Aktivkohlen aus Orangenschalen
und Teebldttern und hebt deren Potenzial als nachhaltige Wasserstoffspeichermaterialien
hervor. Durch ein einfaches chemisches Aktivierungsverfahren entstehen nanopordse
Kohlenstoffe mit Oberflichen groBer als 2100 m2/g und Porenvolumina Gber 1,5 cm3/g, die
entscheidend fiir die Wasserstoffspeicherkapazitat sind. Die systematische Untersuchung der
Einflussfaktoren auf die Wasserstoffspeicherkapazitat zeigt, dass Ultramikroporen (< 0,7 nm)
die Wasserstoffaufnahme bei niedrigen Dricken dominieren, wahrend hdhere
Volumenanteile von Supermikroporen (0,7-2 nm) und Mesoporen (> 2 nm) die Adsorption bei
hoheren Driicken verbessern. Eine statistische Korrelationsanalyse zeigt, dass das
Mikroporenvolumen und die gesamte Oberflaiche die starksten Pradiktoren fir die
Speicherkapazitdt sind, wahrend der Einfluss der Heteroatom-Konzentration (atomarer
Sauerstoff, Stickstoff und Wasserstoff) auf die Speicherleistung weiter untersucht werden
muss. Diese Erkenntnisse liefern eine Grundlage fir die Optimierung von Aktivkohlen fiir

Wasserstoffspeicheranwendungen.

Im zweiten Teil wird in-situ Neutronenstreuung eingesetzt, um die rdumliche Verteilung von
Wasserstoff in nanoportsen Kohlenstoffen direkt zu untersuchen. Messungen mittels
Kleinwinkel-Neutronenstreuung (SANS) bei kryogenen Temperaturen zeigen eine

Abhéangigkeit der Wasserstoffdichte von der Porengrofle. Mit Hilfe eines hierarchischen
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Kontrastmodells konnte die Dichteentwicklung in verschiedenen Porenklassen berechnet
werden, und es zeigt sich, dass die Anreicherung von Gasmolekilen in Ultramikroporen (< 0,7
nm) zu extremer Verdichtung fihrt, welcher jener von festem Wasserstoff entspricht, oder
diese gar Ubersteigt. Die Ergebnisse unterstreichen die Bedeutung der PorengréRe auf die
Wasserstoffadsorption und liefern experimentelle Erkenntnisse fiir die weitere Entwicklung

der nachsten Generation von Speichermaterialien.

Der dritte Teil kombiniert atomistische Simulationen mit experimentellen
Neutronenstreuexperimenten. Molekulare Simulationen in realistischen atomistischen
Modellen nanopordser Kohlenstoffe zeigen bevorzugte Adsorption an hochdefekte Regionen.
Der Vergleich zwischen simulierten und experimentellen Streudaten zeigt, dass Deuterium (D,)
den erwarteten Adsorptionstrends folgt, wahrend Wasserstoff (H,) mogliche Clusterbildung
aufweist, was vermutlich auf spezifische Spin-Isomer-Interaktionen zurlickzufiihren ist, die in
den Interaktionspotenzialen der Simulation nicht berticksichtigt wurden. Diese Ergebnisse
verdeutlichen die Komplexitat der Wasserstoffadsorption in nanopordsen Kohlenstoffen und
zeigen die Notwendigkeit verfeinerter atomistischer Modelle, die Oberflaichenchemie und

Spinisomer-Effekte bericksichtigen.

Zusammenfassend erweitert diese Dissertation das Verstandnis der Wasserstoffadsorption in
nanopordsen Kohlenstoffen und zeigt das Potenzial biobasierter Materialien fiir nachhaltige
Wasserstoffspeicher. Die Kombination aus experimentellen Methoden und atomistischer
Modellierungen liefert einen umfassenden Einblick auf den Einfluss von PorengréRe,
Oberflache und chemischer Zusammensetzung auf die Wasserstoffaufnahme. Die
gewonnenen Erkenntnisse tragen zur Weiterentwicklung zukUnftiger
Wasserstoffspeichersysteme bei und verbinden fundamentalen Adsorptionsmechanismen

und praktischen Anwendungen.
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1 Introduction

“I believe that water will one day be employed as fuel, that hydrogen and oxygen, which
constitute it, used singly or together, will furnish an inexhaustible source of heat and light” The

Mysterious Island, Jules Verne, 1875

As the world seeks alternatives to fossil fuels, hydrogen has emerged as a compelling energy
carrier with the potential to drive a sustainable energy transition. Unlike conventional
hydrocarbons, hydrogen releases only water when used in a fuel cell, making it an attractive
option for reducing carbon emissions in transportation and industry [1]. However, despite its
promise, one of the most pressing challenges in realizing a hydrogen-based economy is
storage. Hydrogen, in its molecular state, has an extremely low density, requiring innovative

approaches to achieve practical and efficient storage solutions.

Governments and industries worldwide have recognized this challenge, prompting significant
investments in hydrogen research and infrastructure. The European Union, for example, has
outlined ambitious hydrogen strategies aiming to scale up production to 10 million tons of
renewable hydrogen annually by 2030, with a long-term goal of achieving hydrogen-based
climate neutrality by 2050 [2]. Globally, hydrogen demand reached 97 million tons in 2023, a
2.5% increase from the previous year, and is projected to surpass 150 million tons by 2030 as
more sectors transition to hydrogen-based energy solutions. However, producing hydrogen at
a competitive cost remains a key barrier to widespread adoption. In the Net Zero Emissions
by 2050 (NZE) Scenario, hydrogen production costs could fall to around or below USD 2/kg H,
by 2030 in regions with abundant renewable resources, such as Argentinian and Chilean
Patagonia, and certain parts of central China (see Figure 1.1) [1]. Achieving these cost
reductions requires significant expansion of renewable energy capacity, particularly through
the coupling of solar and wind parks with electrolyzers. Large-scale hydrogen production from
hybrid solar photovoltaic (PV) and onshore wind, as well as offshore wind farms, is expected
to play a crucial role in providing a stable and low-cost supply of hydrogen. Once produced,

hydrogen must be stored efficiently to ensure a continuous energy supply.
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Figure 1.1: Hydrogen production cost from hybrid solar PV and onshore wind, and from offshore wind in the Net
Zero Emissions by 2050 Scenario, projected for the year 2030. Reprinted from Ref. [1] published under creative

common license CC BY 4.0.

Large-scale hydrogen storage will primarily rely on underground salt caverns, depleted gas
fields, and other geological formations that can accommodate vast quantities of hydrogen.
These storage solutions will act as buffers, mitigating fluctuations in renewable energy
generation and enabling hydrogen distribution to key demand sectors, including industry and
transportation (the circular hydrogen economy is depicted in Figure 1.2). In mobility
applications, fuel cell electric vehicles (FCEVs) are a promising alternative to conventional
combustion engines, particularly in heavy-duty transport, aviation, and maritime shipping,

where battery-electric solutions face challenges in energy density and range.

Among the various methods for onboard hydrogen storage, physisorption in nanoporous
materials has gained increasing attention as a promising solution. By confining hydrogen
within nanometer-sized pores, these materials can significantly increase the volumetric
density without the need for extreme pressures. Hydrogen physisorption at cryogenic
temperatures is governed by weak van der Waals interactions between hydrogen molecules
and the surface of the storage material. Thus, activated carbons, which possess high surface

areas and large pore volumes, are well-suited for this purpose. A key advantage of nanoporous
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carbons is their ease of synthesis from a wide variety of precursors, including biowaste

materials [3—-11].

Storage
and transport

LU | NN v_l
T[;ﬁ; HYDROGEN [u

A7 ECONOMY

Energy

Renewable hydrogen consumption
production
Water

Figure 1.2: Schematic of the hydrogen circular economy: From water to hydrogen production utilizing renewable
energy, to hydrogen storage and consumption. Reprinted from Ref. [12] with permission from Royal Society of

Chemistry.

This thesis explores how bio-derived carbons, specifically activated carbons synthesized from
orange peels and used tea leaves, can serve as sustainable and efficient hydrogen storage
materials. Through a carefully designed experimental approach, the study systematically
investigates the relationship between pore structure, chemical composition, and hydrogen
storage performance. This work aims to demonstrate how chemical activation techniques
influence pore size distribution and heteroatom content, ultimately determining hydrogen
uptake capacity. The findings, obtained through gas adsorption measurements, small-angle X-
ray scattering (SAXS), and other complementary characterization techniques, are expected to
offer a comprehensive picture of how nanoporous carbons can be optimized for hydrogen

storage.

While gas sorption measurements provide valuable insights into hydrogen storage capacity
and adsorption behavior, they offer only indirect information about the spatial arrangement
of hydrogen within the pores. To gain a more comprehensive understanding of hydrogen

densification and distribution in confinement, a direct observation method is required. This

17
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thesis employs neutron scattering as a powerful technique to directly probe the structural
arrangement of hydrogen within nanopores. Due to the strong contrast between hydrogen
and its heavier isotope deuterium (D) in neutron scattering, this method allows us to extract

spatially resolved information on hydrogen adsorption with high precision.

Despite the increasing interest in porous carbons for hydrogen storage, neutron scattering
studies in this context remain limited. In 2000, only four studies employed neutron scattering
to investigate hydrogen adsorption, rising to 44 in 2024, a tenfold increase that still represents
only a small fraction of the total research output, as depicted in Figure 1.3. Some previous
studies have focused on the dynamics of hydrogen in confinement, yet none have
systematically investigated the spatial arrangement of hydrogen in nanopore confinement at

low pressures (< 1 bar) and supercritical conditions.
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Figure 1.3: Number of journal articles per year published from 1995-2024: studies including porous carbons and
hydrogen storage (blue) and studies especially leveraging neutron scattering techniques in this respect. The data

was sourced using Lens.org and the search terms as depicted in the figure legend.

To address this gap, this thesis aims at the development of advanced models for the analysis
of small-angle neutron scattering (SANS) patterns, to better approach pore-size-dependent

hydrogen densification in nanopore confinement. By leveraging experimental neutron

18
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scattering data, such models are expected to offer new perspectives on how hydrogen

molecules densify within nanopores.

The thesis further aims at incorporating for the first time atomistic simulations, using realistic
nanoporous carbon structures to explore theoretical hydrogen adsorption behavior. By
comparing simulated results with experimental neutron scattering data, this approach is
expected to provide an in-depth view of confinement effects on hydrogen densification at the
molecular level. The synergy between experimental observation and computational modeling
will thus strengthen our understanding of how nanoconfinement impacts hydrogen

adsorption.

Thus, this thesis presents a comprehensive investigation into hydrogen adsorption in
nanoporous carbons, covering three key areas: (i) the synthesis and characterization of bio-
derived activated carbons and influences of structural characteristics and chemical
composition on the hydrogen storage performance, (ii) the direct observation of hydrogen
densification via neutron scattering, and (iii) the comparison of experimental findings with
atomistic models to gain further insight into the confinement effects on hydrogen adsorption.
While several open questions remain, this research contributes to a better fundamental
understanding of supercritical hydrogen adsorption, helping to guide future developments of

high-performance hydrogen storage materials for a sustainable energy economy.
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2 Fundamentals

In the following chapter the basis to understand the experiments performed within the
framework of this thesis and how to interpret the complex interplay of hydrogen adsorption
in carbon materials considering gas sorption analysis and neutron scattering will be discussed.
The first part introduces the terminology of porous materials, their characterization using gas
sorption analysis and the respective pore characteristics. The second part introduces the
different forms of carbon and the synthesis of nanoporous carbons and their characteristics.
Further, the hydrogen molecule, its properties and technological aspects of H, storage are
discussed. A general introduction to different neutron scattering techniques will be given and
the insights in respect to the adsorption of hydrogen within nanoporous carbons found in

literature are discussed.

2.1 Characterization of nanoporous carbons

A porous medium refers to a solid material that contains voids or channels (pores) on its
surface, where the depth of these pores exceeds their width. Several physical properties of
the material, including density, thermal conductivity, and mechanical strength, are influenced
by its pore structure. Porosity (¢) refers to the volume fraction of the material that is made
up of pore spaces and is defined as the ratio of the total pore volume (TPV) to the apparent
volume (V) of the material. In contrast, macroscopic roughness describes the external non-
porous surface of the material. The total specific surface area (SSA) is a measure of the
accessible surface area per unit mass of the material, expressed in m?/g, and includes both
external and internal pore surface areas. According to IUPAC [13], pores can be classified
based on their size, shape, and interaction with external fluids. In terms of size, there are three
main categories: (a) micropores, with widths less than 2 nm, (b) mesopores, with widths
ranging from 2 to 50 nm, and (c) macropores, which have widths greater than 50 nm.
Micropores can be further divided into super-micropores (0.7 to 2 nm) and ultra-micropores
(less than 0.7 nm). Pores with widths smaller than 100 nm are generally referred to as

nanopores.
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Pores can also vary in shape, including cylindrical (as shown in Figure 2.1 (c) and (f)), ink-bottle
shaped (Figure 2.1 (b)), funnel-shaped (Figure 2.1 (d)), or slit-shaped. Pore size is typically
measured as the distance between two opposite walls, which is referred to as the width for
slit-shaped pores and the diameter for cylindrical pores. The external non-porous surface is
illustrated in Figure 2.1 (g). Pores may also be classified based on their accessibility to external
fluids, with some being closed (Figure 2.1 (a)) and others open (Figure 2.1 (b-f)).
Characterization techniques that use fluids, such as nitrogen adsorption at 77 K, can only
assess the open porosity of a material, not the closed porosity. Other complementary
techniques, such as small-angle X-ray scattering, can help to identify the presence of closed

porosity, as will be discussed in section 4.3.

Figure 2.1: Schematic representation of different pore geometries of a porous solid. (a) closed pore, (b) ink-bottle
shape, (c) open cylindrical, (d) funnel-shaped, (e) connection point of different pores to the external surface, (f)

closed end cylindrical and (g) external rough surface.
2.1.1 Interaction of gases with porous materials

According to the International Union of Pure and Applied Chemistry (IUPAC) [13], adsorption
refers to the accumulation of one or more substances on an interfacial layer. In a more specific
sense, adsorption occurs when molecules are drawn towards or accumulate near the surface
of a solid material, resulting in an increase in the density of the fluid near that surface. The
reverse process, where molecules are removed from the solid surface and the gas density
decreases, is known as desorption. The substance that is adsorbed is called the adsorbate, the

material that attracts the adsorbate is the adsorbent, and the free gas that can be adsorbed
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is termed the adsorptive. The term sorption can be used to describe either adsorption on a

surface or absorption into the internal structure of a material.

There are two main types of adsorption: (a) physical adsorption or physisorption, which
involves weak Van der Waals interactions between the gas molecules and the solid surface,
and (b) chemical adsorption or chemisorption, which involves the formation of chemical
bonds, as shown in Figure 2.2. Physisorption typically occurs in porous materials, where gas
molecules weakly adhere to the external surface and accumulate in pores. In contrast,
chemisorption involves stronger interactions, often seen in materials where the gas molecules

dissociate and form bonds with the solid surface.
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Figure 2.2: schematic representation of: a) physisorption of molecules on a surface and b) dissociative
chemisorption on a surface. c) Energy curves for a physiosorbed and dissociative chemisorbed molecule in

distance d from a surface, respectively.

From a thermodynamic perspective, adsorption is an exothermic process involving an
interaction potential between the adsorbate and adsorbent, whereas desorption is
endothermic. The heat of adsorption, or enthalpy, represents the strength of interaction
between the gas molecules and the solid surface. Physisorption is enhanced at low
temperatures (< 100 K) due to weaker intermolecular interactions and shows an adsorption
enthalpy of 1-10 kJ/mol, while chemisorption happens at higher temperatures, exhibiting
stronger interactions and an enthalpy of 50-100 kJ/mol [14]. The ideal interaction energy for
effective gas storage at room temperature falls between these two ranges (10-50 kJ/mol),

balancing the ease of reversibility and storage capacity [14].
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2.1.2 Isotherm shapes and gas sorption analysis

Physisorption below the critical point of a gas occurs in distinct stages as pressure increases,
with adsorption behavior varying depending on pore size, as illustrated in Figure 2.3. At very
low pressures (~107® mbar, typical for gas sorption experiments), micropores (pore widths <2
nm) fill spontaneously with gas molecules, a process known as micropore filling. This differs
from adsorption in wider pores, where molecules first form a dense monolayer on the internal
surfaces of meso- and macropores, as well as on the external surface (monolayer adsorption).
As pressure increases further, interactions between adsorbed molecules become more
significant, leading to the formation of multiple layers of adsorbate (multilayer adsorption). In
mesopores, at pressures below the bulk condensation point (P/Po < 1), gas molecules can
undergo a gas-liquid phase transition, filling the pores in a liquid-like state, a process known

as capillary condensation

Adsorption at Monolayer Multilayer Capillary
isolated sites adsorption adsorption condensation
, %000
® 0% Q‘W’: S
O S SIS

Increasing gas pressure

v

Figure 2.3: Stages of physisorption in different pore structures: At very low pressures, gas molecules
spontaneously fill micropores. With increasing pressure, monolayer adsorption occurs on meso- and macropore
surfaces (orange dots), followed by multilayer adsorption (blue dots). At higher pressures, mesopores undergo

capillary condensation, forming a liquid-like phase (purple dots). Reprinted from Ref. [15]

According to IUPAC [13], adsorption and desorption isotherms can be divided into six primary
categories (I-VI), as illustrated in Figure 2.4. These types of curves offer valuable insights into
the adsorption mechanisms and the porosity characteristics of the material. The most
frequently encountered isotherms are Type |, Il, and IV, whereas Type lll, V, and VI are
seldomly observed. Type | isotherms, also known as Langmuir isotherms, are reversible and

typical of microporous materials (pore widths < 2 nm) with minimal external surface area. The
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adsorption rapidly increases at low relative pressures, indicating a micropore filling
mechanism due to the enhanced gas-solid interactions in narrow micropores (i.e., pores with
molecular-scale dimensions). As relative pressure rises, the isotherm reaches a saturation
point (plateau), reflecting the amount of gas adsorbed in relation to the accessible micropore
volume rather than the internal surface area. Type | isotherms can be further divided into Type
I(a), representing materials with very narrow micropores (< 1 nm), and Type I(b), associated
with materials that have a broader pore size distribution, encompassing both micropores and

small mesopores (pore widths < 2.5 nm).
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Figure 2.4: Classification of physisorption isotherms | — VI according to IUPAC. Reprinted from Ref. [13] and with

permission from International Union of Pure and Applied Chemistry.
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Type Il isotherms are reversible and typically represent non-porous or macroporous materials.
The isotherm shape results from unimpeded monolayer to multilayer adsorption at high
relative pressures due to macropores (> 50 nm) and/or external surface area. The adsorption
point B, shown in Figure 2.4 1l, marks the completion of monolayer coverage and the start of

multilayer formation.

Type IV isotherms are characteristic of mesoporous materials (pore widths between 2-50 nm).
The initial part of the adsorption curve mirrors that of Type Il, corresponding to monolayer
and multilayer adsorption, but at higher relative pressures, pore condensation occurs; gas
condenses in the pores in a liquid-like state at P/Po < 1. Type IV isotherms can be subdivided
into Type IV(a), which features a hysteresis loop due to capillary condensation in pores
exceeding a critical width (e.g., for N2 adsorption at 77 K, hysteresis may occur in cylindrical
pores wider than 4 nm), and reversible Type IV(b), representing materials with smaller

mesopores.

Figure 2.4 illustrates the types of adsorption/desorption isotherms based on IUPAC
classification [13]. Additionally, hysteresis loop types provide key insights into pore structure
and shape in mesoporous materials. According to IUPAC [13], hysteresis loops are classified
into five types (H1-H5), as seen in Figure 2.5. Type H1 loops are linked to materials with
uniform mesopore sizes, such as ordered mesoporous carbons or silicas, and are characterized
by steep and narrow loops indicating delayed condensation during adsorption. Type H2 loops
appear in materials with complex pore structures, often due to pore-blocking effects. These
can be divided into Type H2(a), common in silica gels, porous glasses, and other ordered
mesoporous materials, and Type H2(b), seen in silica foams or hydrothermally treated ordered

mesoporous silica.
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Figure 2.5: Types of hysteresis loops based on the IUPAC classification. Reprinted from Ref. [13] and

with permission from International Union of Pure and Applied Chemistry.

Type H3 loops correspond to materials with non-rigid plate-like particles (aggregates) and/or
macroporous networks that are not fully filled with condensate. The characteristic step at the
desorption curve's closure is attributed to cavitation-induced evaporation, where gas bubbles
form spontaneously in the condensed fluid within the mesopores [16]. As the liquid nitrogen
evaporates, the bulk of the mesopores empties while their necks remain filled. Type H4 loops
occur in materials containing both micropores and mesopores, such as zeolites or carbon
materials with combined micro- and mesopores, where enhanced adsorption at low pressures
is due to micropore filling. Lastly, the rare Type H5 loop is associated with materials featuring

both open and partially blocked mesopores.
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2.1.3 Hydrogen sorption measurements

The quantity measured by a manometric gas sorption apparatus, which measures the pressure
difference before and after dosing a certain gas volume, delivers the Gibbs surface excess
amount. The total gas amount n in the system can be divided into the adsorbed amount n,

and the amount remaining in the gas phase ng, as described by equation (2.1).
n=ng+ng=ng+p,-V, (2.1)

Here pg is the bulk gas density and Vj is the volume occupied by the gas phase. Gibbs (1887)
introduced the concept of the surface excess amount n, to represent the deviation from the
bulk gas phase behavior due to adsorption. The Gibbs dividing surface is an imaginary surface
parallel to the adsorbent that separates the adsorbed and bulk phases, defining a reference
volume V, , where the gas density matches the bulk value p,. The surface excess n, =n —
Pg " Vg0 captures the adsorption's contribution relative to the bulk gas phase. The relationship
between excess and absolute amounts is critical in adsorption studies. The absolute adsorbed
amount n, accounts for the total adsorption, including the excess n, and the gas-like

contribution within the volume 1, leadington, =n —p, - V.
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Figure 2.6: Representation of the Gibbs surface excess amount: a) the adsorbed layer and the gas phase are equal
at am imaginary surface parallel to the adsorbent surface (blue line), b) the Gibbs excess surface corresponds to
the adsorbed molecules in addition to the number of molecules that contribute to gas density in absence of any
interaction with the absorbent and c) difference between the measured surface excess amount and the
calculated absolute adsorbed amount. The inset shows a low-pressure adsorption isotherm up to 1 bar. Adapted

from Ref. [17]
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For low bulk gas densities (p; < 1), the excess and absolute amounts become approximately
equal (see Figure 2.6 (c)). However, at higher pressures, the difference between these
quantities becomes significant due to the contribution of p, - V. The total adsorption n,; can

Pg

Pliq

also be expressed as ny,y = ny - (1 + ), assuming that the density of the adsorbed phase

equals the liquid density (see Figure 2.6 (c)). As Hz is in a supercritical state at 77 K, the sorption
mechanisms proposed in section 2.1.1 for a fluid at its boiling point cannot be directly applied
to explain the isotherm shape at certain pressure steps. Due to strong overlap of interaction
potentials of opposing pore walls, H, will first accumulate in ultramicropores and with

increasing the pressure densify within larger pores, yet never condense to a liquid phase.

2.1.4 Specific surface area — multi-point BET method

The experimentally obtained isotherms provide valuable information for calculating various
pore structure properties of the material. One of the most commonly used methods for
determining the specific surface area (SSA) is the BET method, developed by Brunauer,
Emmett, and Teller [18,19]. This method is based on several assumptions about the adsorption
process: 1) adsorption occurs on a homogeneous surface, 2) the heat of adsorption applies to
the first layer, while the heat of condensation applies to the subsequent layers, 3) interactions
between molecules in different layers are ignored, 4) the topmost layer is in equilibrium with
the gas phase, and 5) the number of layers becomes infinite at the saturation pressure. The

linear form of the BET equation is as follows:

S S Cha N L4
W-[(%)_l] T WpC W, C (po) (2.2)

In this equation, W represents the amount of adsorbed gas at relative pressure P/P,, W,, is
the amount of adsorbate forming a monolayer, and C is a constant that accounts for
adsorbent-adsorbate interactions in the first layer. By plotting the left-hand side of equation
(2.2) against the relative pressure (within the range of 0.05 < P/Po < 0.35 for meso- and

macroporous materials, and P/Py < 0.01 for microporous materials), one can obtain the slope
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(s) and intercept (i) from linear fitting. These values can then be used to determine W,, and

calculate the BET surface area (Sggr) using the following equation:

NA'ACS_ 1 _NA'ACS'Wm

S — — (2.3)
BET ™ M-W s+i M-W

Here, N, is Avogadro’s number, A.s is the cross-sectional area of the adsorbate molecule, and

M is the molecular weight.

2.1.5 Total pore volume - single-point Gurvich rule

The total pore volume can be estimated using the single-point Gurvich rule [19] applied to the
adsorption isotherm. This method relies on the volume of N, adsorbed at a relative pressure
near the saturation pressure of N, (P/Po = 0.99), assuming the pores are completely filled with
liquid nitrogen. The final adsorption point, where adsorption ceases and desorption begins, is
selected for this calculation. The adsorbed nitrogen volume (V,4) is converted into the

corresponding liquid nitrogen volume (V;4) using the equation:

Here, P, is the ambient pressure, 1}, is the molar volume of the liquid adsorbate (34.7

PV .V
V“.q:—a ;‘Y‘f m (2.4)

cm3/mol for N3), R is the universal gas constant (8.314 J mol™ K™), and T is the ambient
temperature. If the material lacks macropores or an external surface, the adsorption isotherm
levels off at high relative pressures, allowing the total SPV to be determined. However, if
macropores or an external surface are present, the isotherm continues to rise steeply at P/Po

= 0.99, preventing the extraction of the total SPV via the Gurvich rule.
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2.1.6 Micropore specific surface area and volume

The specific surface area and micropore volume were determined using the Carbon Black
statistical thickness equation applied to the total adsorption isotherm [19]. This approach is
similar to the BET method but extends to higher relative pressures (P/Po) and accounts for
micropores smaller than 2 nm. The t-plot technique involves plotting the adsorbed N, volume
(V) against the statistical thickness (t) of the adsorbed film. The statistical thickness is
calculated by comparing the adsorption behavior to that of a non-porous solid, using the

equation:
t[A] = 0.88- (P/Py)? + 6.45- (P/P,) + 2.98 (2.5)

The micropore volume (V,) is obtained by converting the t-plot intercept (i) into the

corresponding liquid N, volume:
V, =0.001547 - i (2.6)

Similarly, the micropore-specific surface area (Smp) is determined as a fraction of the total BET

surface area, based on the slope (s) of the t-plot:

Sm = SBET - 1547 'S (27)
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2.1.7 Pore size distribution

The BJH method (developed by Barrett, Joyner and Halenda) is typically applied to the
desorption branch of the adsorption isotherm and relies on two key assumptions: (a) the pores
have a cylindrical geometry and (b) they are filled with liquid N, near its vapor pressure (P/Po
= 0.99). A standard BJH pore size distribution (PSD) plot represents the first derivative of the
cumulative pore volume with respect to pore diameter (dV/dD) as a function of pore diameter

(D).

The BJH analysis is based on the Kelvin equation:

29V,
N IZT’" In (P/Py) (2.8)

where 1y is the Kelvin pore radius, y is the surface tension of N, at its boiling point (8.85
ergs/cm? at 77K), V;,, is the molar volume of liquid N, (34.7 cm3®/mol), R is the universal gas
constant (8.314 J mol™ K™), T is the boiling point of N, (77K), and P /P, is the relative pressure.
The actual pore radius (r;,) is determined by adding the thickness of the adsorbed layer (t) to

the Kelvin pore radius (ry):

,=rg+t (2.9)

Non-Local Density Functional Theory (NLDFT) and Quenched Solid Density Functional Theory
(QSDFT) are advanced atomistic approaches used to characterize porous materials,
particularly by analyzing adsorption isotherms and calculating pore size distributions (PSD)
and assessing the surface area and the pore volume [20,21]. While both methods are based
on Density Functional Theory, there are key differences in their approach. NLDFT assumes
smooth, regular pore geometries and neglects surface roughness, making it ideal for
mesoporous and macroporous materials with well-defined structures, such as cylindrical or
slit-shaped pores. In contrast, QSDFT extends NLDFT by accounting for surface roughness and
heterogeneity, which is crucial for materials with disordered or irregular structures. In QSDFT,
the solid adsorbent (the porous material) is treated as a "quenched" system, meaning that it

is considered fixed and non-responsive during the adsorption process. This makes QSDFT
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particularly suited for microporous carbons, where the complex, often rough surfaces
significantly affect adsorption behavior. Microporous carbons have small pore widths (<2 nm),
where the interaction between gas molecules and the irregular pore walls plays a major role
in adsorption. QSDFT provides a more accurate representation of these interactions, capturing
the enhanced physisorption effects in micropores, and yielding a more realistic PSD and

surface area analysis than NLDFT, which would otherwise oversimplify the surface effects.

QSDFT models the porous material as a collection of pores of varying sizes and shapes (e.g.
slit-like, cylindrical or spherical). The adsorption isotherm is assumed to be the sum of
contributions from all these pores (see equation (2.10)). Each pore size has its adsorption
behavior, and QSDFT fits the measured isotherm data to theoretical models of adsorption in
pores of different sizes. By fitting the experimental data to the generalized adsorption
isotherm, QSDFT can generate a pore size distribution (PSD), which indicates the proportion

of pores of various widths present in the material.

N (P%) - fwmaxzv (P%, W)f(W)dW (2.10)

Wnin

Here N (Pi) represents the measured adsorption data, W is the pore width and f (W) is the
0
pore size distribution (PSD) function.

As outlined in section 2.2.2, nanoporous carbons mostly exhibit complex pore geometries and
are far from the idealistic cases considered in the QSDFT approach. Thus, simulating the
adsorption of different fluids, like N2 or CO, within realistic atomistic models of nanoporous
carbons adds a new level of complexity to the description of the pore space [22]. Vallejos-
Burgos et. al. have used a plethora of different atomistic models, similar to the ones depicted
in Figure 2.9, and simulated the N; adsorption isotherm using grand canonical Monte Carlo
(GCMC) simulations. The resulting isotherms were collected in kernels, which were later fitted
to experimental datasets using a non-negative least square algorithm. As depicted in Figure
2.7 (a-d), such fitting routine results in very good agreement between experiment and
simulations. With this approach it is possible to generate a more realistic PSD as well as have

direct visualization of the main contributing pore systems.
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Figure 2.7: Experimental N, adsorption isotherms and the fit resulting from the 3D-VIS model:
a) CDC-400, b) AC-YP50F, c) ACF-A20 and d) PG-600. Reprinted from Ref. [22] with permission

from Elsevier.
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2.2 Nanoporous carbon materials — synthesis and properties

Pores are found in various natural systems, like sponges, trees or human skin. The size of these
pores is crucial to support certain functionalities, like water transport, ion exchange and
mechanical movement. The pores within nanoporous materials range in sizes from 0.5-100
nm, thus from the distance of atoms within a solid (~ 0.3 nm), to the size of a DNA-molecule
(2.5 nm) to the size of the SARS-COV-2 virus (50-140 nm). Like in biological systems, differently
sized and shaped pores influence chemical and physical processes happening at surface of the
pore. Thus, controlling the pore size and shape of materials is important to tailor certain
functionalities, like gas storage capability, water diffusion or ion exchange rates. As diverse as
the periodic table of elements is, as diverse is the zoo of nanoporous materials. They can be
synthesized from biological precursors, metal alloys, various oxides and contain organic linkers,
like in metal-organic-frameworks. The possibilities and complexity of such systems seems
sheer endless, yet one element in particular has outstanding abilities to form a plethora of

nanoporous materials: Carbon.

2.2.1 The carbon allotropes

Carbon- in the early 1800 the widespread use of coal to fuel our growing economy, heating
our homes or move us to faraway places, has begun [23]. Ever since, carbon-based fossil fuels
are associated all around the globe with wealth and prosperity. Just, now we seem to
understand what impact, burning of carbon and thus emitting CO; into the atmosphere has
on the global climate and health of people [24,25]. The wealth of western society may be
displayed by some form of wearing a diamond-ring, a crystalline allotrope of carbon (see
Figure 2.8 (f)), often unfortunately mined as a result of child labor and lethal conflicts [26].
Apart from its brightness, beauty value and social-economic impacts, diamonds are a valuable
material used in many industrial applications, due its hardness and high thermal conductivity.
When we think of the human body, its complexity and its basic building blocks, namely carbon

and hydrogen, it isn’t surprising that carbon is found in various forms.
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Figure 2.8: Different carbon allotropes and morphologies: sp?-hybridization: a) graphene, b) carbon nanotube
(CNT), fullerene (Ceo), d) graphite and e) turbostratic carbon. sp3-hybridization: f) diamond and g) amorphous

carbon (shows sp?- and sp3-hybridization)

Another form widely known is graphite, which is used in everyday utensils and is crucial for
electric steel making. The difference in structure between diamond and graphite (see Figure
2.8 (d and f) is found in the electron hybridization of the carbon atom. In graphite, the carbon
atoms are sp?-hybridzed, leaving a delocalized electron, which is responsible for the good
electric conductivity, and a hexagonal arrangement of atoms, whereas in diamond the carbon
atoms are sp3-hybridzed. The layer structure of graphite, held together by weak van der Waals
forces, lead to the question about stability of a single sheet of graphite, called graphene (see
Figure 2.8). The story behind the “discovery” of graphene, the exfoliation method using sticky
tape on graphite, is usually told in introductory lectures to carbon materials. While most
children have unknowingly exfoliated graphite to graphene, while ripping sticky tape from
pencil drawings, most wouldn’t know what special properties graphene possesses. The
description of the ballistic charge transport of delocalized electrons and the extraordinary
charge carrier mobility, lead to a Nobel Prize in 2010 [27]. Long before graphene was first
produced, the existence of tube- and ball shaped structures, called carbon nanotubes (CNT)
and fullerenes, was known. The shape of those structures is quite more thermodynamically
favorable compared to a single graphene sheet, thus it was for long suspected that graphene
could not exists. CNT’s, based on their configuration, can possess a metallic or semiconducting

property, thus opening many ideas for future electronics [28]. Fullerenes are symmetric
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structures consisting of up to 540 carbon atoms and they were even found to form in young
planetary nebula [29]. An interesting study, proving the wave-particle duality of matter, was
performed by Arndt et. al. using a C60 fullerene (see Figure 2.8 (c)) in a double-slit experiment
[30]. Carbon can also form in a non-regular manner and exhibit an amorphous structure of
sp3-hybridized atoms as shown in Figure 2.8 (g). Introducing Stone-Wales defects into the
graphene lattice changes the connectivity of two sp?-hybridized carbon atom, leading to a
rotation by 90°, which can be achieved by exchanging two hexagons with a penta- and a
heptagon. Such defects may cause bending of the graphene sheets, that may still exhibit of
layering of graphene sheets, like in graphite, yet have a higher degree of disorder, which is
known as turbostratic carbon. Such kind of structure, also seen in Figure 2.8 (e), exhibits
nanopores and is likely to be found in activated carbon, which will be the subject in the

following.

2.2.2 Nanoporous carbon

Nanoporous carbon are characterized by large surface areas, high pore volumes and different
pore sizes, ranging from 0.5 — 50 nm. They can be synthesized by a plethora of different
precursors, basically everything containing carbon. For example, carbides can be used, where
the metal is dissolved to leave a porous carbon backbone. Any natural or synthetic polymer,
may be facilitated as a precursor as well. For example biological materials like coconut shells,
banana and orange peels, coffee waste or even washed ashore jellyfish have been used to
synthesize nanoporous carbon [3-11,31,32]. The synthesis of nanoporous carbon from
organic precursors typically includes a pyrolysis/calcination step, which breaks the polymer
bonds at elevated temperatures and under inert gas atmosphere. During this process the
carbon atoms rearrange and form a turbostratic like structure, in the best case containing no
other heteroatoms, like hydrogen, oxygen and nitrogen. After the pyrolysis, an activation step
at elevated temperature and with the presence of an activation agent is performed. The
chosen parameters influence the resulting pore structure and atomistic structure of the
nanoporous carbon [33,34]. The idea of the activation step is to provoke a chemical reaction

of carbon with another chemical component like carbon dioxide (CO;), water vapor (H;0), zinc
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chloride (ZnCly) or potassium hydroxide (KOH), leading to a net loss of carbon mass and

increased porosity.

a)

Figure 2.9: atomistic models of disordered carbon of different density generated using Molecular Dynamics
simulations (MD) and different annealing temperatures: a) and b) 0.5 g/cm? and c) and d) 1.0 g/cm3. Structures

a) and c) and b) and d) were annealed at 2000 and 4000 K, respectively. Reproduced with data from Ref. [35].

For analyzing the pore structure of nanoporous carbons, gas adsorption methods are
commonly employed, as discussed in section 2.1. These techniques often rely on idealized
pore geometries, such as slit-shaped, cylindrical, or spherical pores, to calculate pore size
distributions. However, the intricate and heterogeneous nature of nanoporous carbons may
not be fully represented by these simplified models. The development of atomistic models
capturing the complexity of nanoporous carbons on different length scales has made
substantial progress throughout the years. Traditional models, such as slit-shaped or
cylindrical pores, failed to accurately represent the disordered nature of real nanoporous
carbons, leading to the adoption of more advanced computational techniques. The choice of
interatomic potential, annealing temperature, and target density parameters plays a crucial
role in shaping the resulting carbon structures. Certain potentials promote a higher degree of
sp3-hybridization, leading to amorphous structures, while others favor sp?-hybridization,
resulting in curved graphene sheets with defects. These models, shaped by density constraints
during annealing, display diverse pore structures and atomic characteristics. Notably, the
impact of annealing temperature is striking, even when targeting similar densities. Lower
temperatures produce more fragmented surfaces with a higher concentration of local defects,
whereas higher temperatures result in smoother structures with fewer defects. To generate
realistic carbon models, various computational approaches have been employed, including

Hybrid Reverse Monte Carlo simulations, which reconstruct carbon structures based on
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experimental radial distribution functions, and Molecular Dynamics simulations, such as
Quench Molecular Dynamics and Annealed Molecular Dynamics (AMD), which create
amorphous carbon models from high-temperature liquid carbon precursors followed by
controlled cooling. The AMD approach, combined with an extended Environment-Dependent
Interaction Potential (EDIP) forcefield, has successfully vyielded models exhibiting
graphitization and layered defected graphene structures. The impact of annealing
temperature, even when targeting similar densities, is strikingly evident, as illustrated in
Figure 2.9 (a-d). Lower annealing temperatures produce more fragmented surfaces with a
higher concentration of local defects (Figure 2.9 a and c), whereas higher temperatures result

in smoother structures with fewer defects (Figure 2.9 (b and d)).
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2.3  The hydrogen molecule

Hydrogen is the lightest, simplest and most abundant atom found in the universe. On earth, it
is mostly found in chemical bonds with oxygen as H2O. In its molecular form it is stable as a
diatomic gas H, at room temperature (RT), with two protons tightly bound by strong covalent
bonds of the two shared electrons. The heavier isotope deuterium (D2) additionally
accommodates a neutron within the atomic nucleus, which changes the molecular properties.
The binding energy of H, is 4.746 eV and 4.747 eV of D, whereas the dissociation energies are
4.4775 and 4.5557 eV, respectively [36]. The critical point, the thermodynamic state where
gas and liquid cannot be distinguished, is at 33.15 and 38.34 K for H, and D, respectively,
whereas the boiling points are at 20.37 and 23.66 K. The density of the respective liquid phases
is 0.07085 g/cm3®and 0.162 g/cm3. The triple point, where gas, liquid and a solid phase coexists,
is at 13.96 and 18.72 K, for H, and D3, respectively. The solid phase of H exhibits a density of
0.086 g/cm? and 0.1967 g/cm? for D,.
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Figure 2.10: Pressure and temperature phase diagram of Hz (blue) and D.. (red): triple, boiling and critical points
are indicated by squares and circles at the respective temperatures. The phase diagram was constructed using

the REFPROP software and adapted from Ref. [17].
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Hydrogen exists in two spin-isomeric forms: ortho, where the nuclear spins are aligned in a
triplet state (parallel, ™), and para, where the nuclear spins form a singlet state (anti-
parallel, TN ). As a result of the symmetry of the wave function the ortho-state has even (J=0,
2, 4...) and the para-state odd rotational numbers (J=1, 3, 5...) [37,38]. Although spin-spin
interactions are small, symmetry requirements impose constraints on the rotational states.
For instance, para-H, and ortho-D; in the spherically symmetric J = O state experience no
anisotropic interactions, whereas ortho-H, and para-D,, in non-spherically symmetric J = 1
states, exhibit strong anisotropic interactions, which results in a quadrupole moment and thus
to stronger physisorption interactions [36]. The energies of the rotational states are given by
equation (2.11), where B, is the rotational constant and J the rotational number. The
rotational constant B, can be calculated using equation (2.12), where h is the Planck’s
constant, c the speed of light, the moment of inertia is given by Iy = u, * 74y, with u,. being

the reduced mass of the quantum rotor and 1, being the proton-proton distance of 0.74 A.

E =B-]JJ+1) (2.11)
hz

_ 2.12

B =51 [eV] (2.12)

The theoretical value of the first rotational transition (J 1->0) from the ortho- to para-H; has
an energy of 15.2 meV, whereas measured values of 14.7 meV where reported (see Figure
2.11 b). The para- to ortho-D, transitions has a theoretical energy of 7.6 meV and was

measured at 7.4 meV.
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Figure 2.11: Para- and ortho-Hz2 and D2 compositions as a function of temperature, reconstructed with data from
Ref [39]. b) Free rotor energy transition scheme, where the rotational translation from J=1-> 0 corresponds 14.6
meV. The transition from para- (J=0) to ortho- (J=1) spin states is observed, as a result of the symmetric

wavefunction.

The boiling and melting points of hydrogen are only weakly affected by the ortho/para ratio.
At room temperature, thermodynamic equilibrium hydrogen consists of 25% para and 75%
ortho forms, known as "normal hydrogen." At 20.4 K, the para concentration reaches 99.8%,
and at 0 K, it becomes entirely para. However, the conversion between these forms is slow,
occurring at a rate of about 2% per hour in the solid state. Rapidly cooled and condensed
hydrogen gas can take days to reach equilibrium [36]. Understanding the ortho/para
composition and conversion is crucial for interpreting certain phenomena, especially at low
pressures and temperatures. The ratio of para/ortho hydrogen is dependent on the
temperature and was experimentally assets by Frauenfelder et. al., as shown in Figure 2.11 (a)
[39] and can be theoretically calculated using equation (2.13).

Noreno(T) _ 3 Z:]=1,3...(2] + 1) -exp (M)

Npara(T) B 1 Z]:O,Z...(ZJ + 1) - exp (_]U :1I: 1)@7')

th]
ky

with 0, = (2.13)

The thermodynamic conversion of ortho- to para-states can be influenced by be the presences

of paramagnetic metal centers and or hindered by strong confinement effects [36,38].
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2.3.1 Methods of storing hydrogen — technical aspects

With the basic understanding of the H, molecule and nanoporous carbon materials developed
in the previous chapters, the focus will shift on some technical aspects of H, storage. Generally,
there are two methods of H; storage to be categorized [40]. The first one involves storing the
gas in tank systems and increasing the mass density by means of compression, cooling or both
combined. In onboard storage systems for light duty vehicles, like fuel cell operated cars, the
compression of H, up to 200 bar is utilized [40,41]. For stationary storage solutions, a
compression up to 700 bar is favored, as risks, regarding damages due to accidents are much
less. The liquefication of H, (LH;) at the respective boiling point at 20.3 K roughly requires an
energy input of one third of the energy content contained in Hz (e.g. 2.8 kWh/L or 10 MJ/L).
In comparison to storing compressed H; at 700 bar, the energy density of LH is 2.6 times
higher [41,42]. The second category involves the interaction and storage of H, within another
host materials, hence the term materials-based hydrogen storage. Based on the nature of
interaction three sub groups were established, namely chemical storage involving chemical
bonds of H to another species, metal hydrides, which incorporate H within a crystal lattice and
physically adsorbed H; within a porous structure (see Figure 2.12). Those three materials
groups offer a plethora of different processes and research questions, to find the optimal H;
storage material for a certain application. In a broader economical aspect, all three methods
have their pros and cons and it is up to industrial requirements and governmental regulations
to decide which way to go [43]. For example, liquid-organic hydrogen carriers (LOHC), store
hydrogen within a molecule which is liquid at ambient conditions, offering the possibility to
transfer it within existing pipeline infrastructure [44]. Metal hydrides achieve a high storage
capacity [45], yet heating is required to extract hydrogen from the structure, posing additional
difficulties regarding utilization. Due to the fast kinetics of H, at ambient conditions and
therefor weak interaction with a host material, physical adsorption only yields reasonable
storage capacities at cryogenic temperatures, which in return requires additional cooling of a

respective tank system [41,46].
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Figure 2.12: Observed H: storage capacities of different materials and their respective sorption or H: release
temperature. The sorption materials operate at cryogenic temperatures (< 0 °C), whereas the metal hydrides and
chemical H: storage materials accommodate H> at room temperature and release the H: at elevated

temperatures [40].

For a materials-based onboard tank system the US Department of Energy (DoE) has specified
certain Hy storage goals for 2025 and proposed that an optimal storage material shall exceed
an gravimetric H, uptake of e.g. 5.5 wt.% (e.g. 55 g H; per kg of tank system), whereas the
ultimate goal is set to 6.5 wt.% [40]. Electric cars fueled by H, consume around 0.8 kg of H;
per 100 km, thus given the DoE target, a practical range of 600 km can be achieved by a tank
system of < 100 kg, which is much less compared to up to 700 kg of a batterie within an electric
car and roughly double the weight of a full gasoline tank. Nevertheless, a transition from a
fossil fuel-based economy and transportation towards a climate friendly one is inevitable. This
in return requires sophisticated technical solutions and wise legislative decision, considering
not only the benefits to certain group of people, but considering the broader social economic
impact, regrading resources for the production/recycling of batteries and clean H, production

[47-50].
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2.3.2 Interaction of hydrogen with nanoporous carbons

Cryogenic H; storage based on physisorption of gas molecules within nanopore structures
poses an environmentally friendly storage solution, given clean H; production and the use of
activated carbon materials. It was established earlier that the interaction of gas molecules
with the pore surface is governed by weak van der Waals forces, thus requiring large surface
areas and pore volumes to accommodate large amounts of H,. Carbon materials due to their
easy and safe production and handling, high tunability of pore sizes and large surface areas up
to 2500 m?/g, have gained much interest in the field of H, storage [51,52]. An empirical
relation of the surface area and the gravimetric H, uptake, known as the Chahine’s rule, poses
that for every 500 m?2/g increase in surface area of a porous material a storage increase of 1
wt.% can be achieved at 350 bar and 77 K [52,53]. Porous materials often exceed expected
hydrogen storage capacities due to an additional crucial factor: pore size. While a correlation
exists between surface area and hydrogen uptake, it is equally important to consider how
surface area and pore volume together influence storage capacity. The size and shape of the
pores play a key role in determining hydrogen interactions by affecting both the accessibility
of adsorption sites and the strength of hydrogen binding [54,55]. Micropores are particularly
effective, as their dimensions allow for overlapping potential fields from opposing pore walls,
which enhances the enthalpy of adsorption and enables hydrogen to be stored at densities far
exceeding its gaseous state—reaching up to 100 kg/m?3 [56,57]. Studies have shown that the
optimal pore diameter for hydrogen uptake at 77 K and elevated pressures falls between 0.6—
0.7 nm [58]. Pores smaller than this limit restrict hydrogen mobility, whereas larger pores
weaken the interaction between hydrogen molecules and the pore walls, reducing adsorption
efficiency. Extensive research has confirmed this trend, demonstrating that the highest
hydrogen uptake occurs within a well-defined pore size distribution (PSD) below 1 nm [52].
Consequently, PSD is a critical parameter in the design of porous materials for hydrogen
storage. Another key factor influencing hydrogen storage capacity is micropore volume, which
guantifies the extent of microporosity in a material. It has been well established that higher
micropore volumes correlate directly with increased hydrogen uptake, making the micropore

volume optimization an essential aspect of developing efficient hydrogen storage materials.
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As the pore size is decreasing and the hydrogen molecules become more confined, quantum
effects must be considered as the wave-like nature of hydrogen molecules become significant.
These quantum effects become particularly pronounced when the thermal de Broglie
wavelength A of the hydrogen isotopes becomes comparable to the pore dimensions,
influencing their interaction with the pore walls. The thermal de Broglie wavelength is given
by:

1= (2.14)

\/mka
where f is the reduced Planck’s constant, m is the mass of the molecule, k;, is the Boltzmann
constant, and T is the temperature. At 77 K, the thermal de Broglie wavelength of H, is 0.176
nm, while for D, it is 0.124 nm, highlighting the stronger quantum effects experienced by the
lighter isotope. The interaction potential between gas molecules and solid surfaces is typically

modeled using the Lennard-Jones (LJ) potential, which describes both repulsive and attractive

Y = 4e.. |22 (Y 2.1
¢(rij) = 4e;; [(Tij) <nj>] (2.15)

where ¢;; is the depth of the potential well, and g;; is the collision diameter of the interacting

interactions:

species. However, at low temperatures, quantum effects modify the effective potential
experienced by the molecule. This is accounted for by the Feynman-Hibbs (FH) effective

potential, which adds a quantum correction term to the classical potential:

hZ
T:i:) = ri:) + —VZ T (216)
o) = 900) + s 00
here m,. is the reduced mass of the molecule. The FH effective potential represents an average
over the classical potential by integrating the wave-packet representation of the quantum
particle, effectively spreading the isotope’s center as a Gaussian-like wave function with a
distribution of 12 /12. The applicability of the FH approximation is ensured when the reduced

thermal de Broglie wavelength remains below the typical intermolecular separation given by
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A= \/ﬁ < 0.5. For H; at 77 K, A=0.47, confirming that the FH approximation is valid
b

under these conditions. This correction is crucial for accurately describing quantum effects on

adsorption potential landscapes and is further visualized in Figure 2.13 (a).

a) b)
10 250 —— : :
. i _H2
200_ : ....... D2 J
0 1
1
=150 ! .
= - 1
< -10- = i
= o 100+ i 7
o | e 1
-2 a ]
c ]
-20 W 50 ! .
'
1
30 " !
Ckin!
I , . ; , , -50 1 r . r ; .
25 30 35 40 45 50 55 6.0 288 290 292 294 296 298 3.00
r(A) d (A)

Figure 2.13: a) Lenard-Jones fluid-fluid interaction potential of H2 (blue) and D2 (red) at 77 K, considering the
classical Feynman-Hibbs-quantum correction. The values for ¢;;, 0;; and m,. are summarized in Table 6.7 b) ZPE
of Hz (blue) and D2 (red) confined in a cylindrical pore with a square well potential, according to equation (2.17).
The quantum effects alter both the adsorption capacity and the diffusion dynamics, which
results in difference in adsorption energy between the isotopes and thus leads to isotope
separation. First introduced by Beenakker et al. [59], this quantum sieving effect describes
how restricted transverse motion of a molecule within a narrow pore leads to an increase in
its zero-point energy (ZPE). The magnitude of this effect is highly dependent on the isotope
mass. Since lighter isotopes, such as H,, have a larger de Broglie wavelength than heavier
isotopes, such as D,, they experience stronger quantum confinement, which in turn reduces
their adsorption affinity and mobility within nanopores. This effect becomes particularly
relevant when the pore diameter d approaches the kinetic diameter oy;, of the gas
molecules—which is 2.89 A for H, and 2.97 A for D,. According to Bennakker et al. [59], the
zero-point energy (ZPE) for an ideal cylindrical pore exhibiting a square well potential is given

by equation (2.17):

2yE - h?
m - (d — Ogin)?

E, = (2.17)
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with the isotope mass m, and y, = 2.4048 being the first zero of the cylindrical Bessel function
of the first kind. In this model, the molecule is expected to interact solely with the pore’s
potential well g(d) based on van-der-Waals interactions, assuming a low concentration, thus
neglecting molecule-molecule interactions. The ZPE of D, is lower than H; due to its higher
mass (see Figure 2.13 (b)), overcoming the potential barrier of a pore of similar size more
easily. Hence, D; should be favored for adsorption in smaller pores, resulting in a larger
accessible volume and, thus, higher adsorbed amounts. For pore diameters approaching the

kinetic diameter of the molecules, the uptake of molecules at temperature T is proportional

g(d)-Eg
to the Boltzmann factor e< kpT ) [59]. Neglecting temperature-dependent changes in the

depth of the potential well and/or changes in the interaction energy, the uptake ratio can be

estimated via equation (2.18):

E —-E
nDz,Tl _ e( 0,Hp O,Dz)

kpT1 (2.18)

Ny,,1y

The above considerations will become of importance in the later discussion of measured and
simulated adsorption capacities of H, and D, within different nanoporous carbons and

respective atomistic models of nanoporous carbons.
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24 Neutron scattering

In February 1932 the New York Times published an interview with Sir James Chadwick titled:
Chadwick calls Neutron a “difficult catch’, following his letter in Nature journal proposing the
possible existence of the neutron [60]. In this interview Chadwick only smiled, when asked if
his discovery had any practical importance. He replied: “/ am afraid neutrons will not be of any
use to any one”. Soon he and the rest of the world would learn of what use neutrons were and
still are to this day, saying the least, it is owed to him that this thesis was written. Neutrons
are neutral particles found in the atomic core, possessing a spin of 1/2 and a mass of 1.675x10"
27 kg. They can be produced in high numbers by nuclear fission processes involving the fission
of enriched Uranium (?3°U). When bombarded with high energy neutrons 23°U transforms into
the unstable 236U, which splits into lighter fission products, while generating 2.7 neutrons on
average per fission reaction. The energy of these neutrons is in the order of MeV, thus too
high to be used in experiments, for which moderators such as heavy water (D,0), are used to
slow down the neutrons. One neutron originating from the fission process is used to maintain
the chain reaction, whereas some neutrons may be absorbed, some can escape the reactor
and be used for experiments. It was in 1924 when French PhD-student Louis de Broglie
submitted his Dissertation to the committee of Paris Sorbonne University, to which Paul
Langevin was a member. In his thesis, following the work of Albert Einstein, he proposed the
duality of matter (electrons) acting as particles and waves, which is summarized in equation
(2.19), where A is the wavelength, h the Planck constant and p the linear momentum. This
fundamental property of matter allows to make use of this one neutron escaping the reactor

for scientific experiments involving the scattering of neutrons on matter.

a=h__h _2¢ (2.19)
p mlv| k|
thZ h2
EF =— 2 — = = ~ T (2.20)
ymvi = ho == s ke

At the Institut Laue-Langevin (ILL), the neutron source is a high flux reactor with a thermal
power of 58.3 MW and a neutron flux of 1.5-10'® neutrons s’cm at the moderator, thus

providing the most intense continuous neutron flux in the world [61]. The neutron energy can

49



Fundamentals

be converted to a neutron temperature, according to equation (2.20). The neutron properties

as a result of moderation using different moderators are summarized in Table 2.1.

Table 2.1: Neutron temperatures, energies and wavelengths ranges achievable with different moderators at the

ILL [61]

Moderator Hot Thermal Cold
Temperature (K) graphite 2000 300 25
Energy E (meV) D20 100-500 5-100 0.1-10
Wavelength 1 (&) D2 0.4-1.0 1-4 4-30

As neutrons have no charge, they interact with nuclear forces of the atomic core instead of
instead of the electron cloud. These forces are of short range compared to the distances
between nuclei, thus neutrons can penetrate matter significantly better than electromagnetic
radiation, such as X-rays. Hot neutrons with a wavelength of ~0.5 A allow the study of high-
frequency dynamics like molecular vibrations or rotations. The wavelength of thermal
neutrons is comparable to the atomic distances in solids, thus making them an ideal probe to
study structure solids. Larger macromolecular structures, such as proteins or viruses are
usually probed using cold neutrons, as they exhibit the largest wavelength in the order of 4-

30 A.

2.4.1 Interaction of neutrons with matter

1

“"Do not worry about your difficulties in Mathematics. | can assure you mine are still greater.'

-Dear Professor Einstein: Albert Einstein's Letters to and from Children-

With that comforting thought from Albert Einstein, the writing of this chapter began—only to
be met with an avalanche of textbooks [62—66]. Many of them enthusiastically start with wave
functions and scattering amplitudes, swiftly diving into the intricate interactions of neutrons
with atomic cores. In keeping with tradition, this chapter also begins with the wave function
of a scattered neutron at the atomic core and the corresponding scattering amplitude ¥s.
However, rather than dwelling too long in the depths of quantum mechanics, a more

structured and digestible approach will soon take over—one that gradually introduces the
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necessary equations of neutron scattering without requiring a prerequisite existential crisis in

theoretical physics.

The simplest case considers the scattering of an incident neutron described as a plane wave
Y, = ekat a single and fixed nucleus. The interaction of a neutron with the nucleus is of short
range and in the order of a few fm, which is considerably smaller compared to the neutron
wavelength (0.4-30-10° fm). Consequently, the atomic nucleus is a point-like object for the
incoming neutron wave, which results in an isotropic and spherical scattered wave. The
amplitude of the scattered wave at point r for elastic scattering is given by equation (2.21),

where b is a constant called the scattering length.
g, = 2 gikr (2.21)
! r

The scattering length describes the strength of the interaction of a neutron with a given
nucleus and is not dependent on the atomic number (compared to X-rays) and thus varies
across the periodic table in a seemingly random manner, as shown in Figure 2.14. The
scattering length is influenced by the spin state of the neutron-nucleus system. Given that the
neutron has a spin of 1/2, the possible spin states for a nucleus with spin / are | + 1/2. Each of
these spin states corresponds to a distinct value of b. As there is no satisfactory description of
the nuclear potentials, this quantity is measured by neutron scattering experiments. Simple
considerations involving a square-well potential can qualitatively reproduce the randomness
across the periodic table, yet a derivation would go beyond the proposed simplicity of this

chapter.
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Figure 2.14: Coherent scattering lengths b for neutrons across the elements of the periodic table, with p.being
the atomic mass The average scattering length over different nuclear—neutron spin states, (b), is represented by
points, while the standard deviation (Ab) is illustrated by the shaded regions. The most abundant isotopes are
denoted by filled circles, whereas rare isotopes and strongly absorbing nuclei are excluded. Reproduced from

Ref. [63] with permission from Oxford University Press.

The scattering event of a neutron at an atomic nucleus can either be of elastic or of inelastic
nature (see Figure 2.15 and Figure 2.16 (a)). The momentum transfer between an incoming
(wavevector k;) and scattered (wavevector k¢) is defined as q = k; — ky. The elastic
scattering is governed by the exchange of momentum between a neutron and a nucleus,
which leads to a change in direction, without an energy transfer. The incoming and the
scattered neutron have the same modulus, yet differ in direction. The momentum transfer q

is also often referred to as the scattering vector and is related to the scattering angle 26 and

4T

P sin (8), for the elastic case. The inelastic scattering

the neutron wavelength with g =

process involves the exchange of both, momentum and energy between a neutron and a

2
nucleus, where the difference in energy is given by AE = E; — Ef = zh_m (k? — k]?).
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Figure 2.15: The scattering triangle of an incoming and scattered neutron, visualizing the

elastic and inelastic scattering process.

Extending the discussion of neutron scattering to an ensemble monoatomic of scatterers, the
measured quantity of a neutron scattering experiment is defined by the number of
neutrons Ny, with a certain energy range dE, that are scattered into a solid angle d( of the
detector per unit time. This quantity is called the double differential cross section and is

calculated by equation (2.22), where ¢ is the incident neutron flux.

dZO' _ 1 de

_1 (2.22)
d0dE; ~ ¢ d0dE

Given an ensemble of scatterers, one can derive the double differential cross section from
considering the time depended transition of a system from an initial state to a final state, e.g.
from an incident to a scattered neutron. For a detailed derivation of the following equation,
one may be referred to the aforementioned textbooks by Squires [62] or Sivia [63]. Using the
two quantities measurable by a scattering experiment, the momentum and the energy
transfer, the double differential cross section of an monoatomic ensemble as a function of
their position r(t) in time is given by [62,63]:

d? 1k 1 © . .
g _ __f_z(bibj)f (e—lqri(o)elqr,-(t)) ceT ot gt (2.23)
i,j —®

dQdE; N k; 2mh £

In equation (2.23), N is the number of atomic nuclei, f the reduced Planck constant, b;and b;
the scattering length of nucleus i and j (not to be mistaken with the imaginary number in the

exponent), respectively and w the angular frequency, which is related to the energy. At time
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zero, nucleus i is at position r;(0), while nucleus j is at r]-(t) at time t. Equation (2.23) sums
over all nuclei positions at time t in the samples, while the angular brackets indicate that the
spatial average over all possible ensemble configurations has to be considered. Every nucleus
with non-zero spin (like hydrogen) exhibits two values of b, thus average value of (b;b;) needs

to be considered, which can be separated into two sperate cases:
Fori = j: (b;b;) = (b)?and for i # j: (b;b;) = (b;}b;) = (b*) (2.24)

With this consideration equation (2.23) is transformed to equation (2.25), separating the
differential cross section in a time and spatial correlation contribution between different

scatterers and a time and spatial self-correlation contribution.

d20' 1 kf 1 «© . . .
—__ T - 2 —iqri(0) ,iqrjt)y . ,—iwt
d0dE, Nk 2nhZ<b) f_ofe eI et
i#j
1k 1 ° . .
+———Z(b2)f (e~lari(0elarj(D)y . g—iwtqy (2.25)
N ki 2mh : — o

We can further introduce the coherent bZ;, = (b)? and incoherent b3,. = ({(b?) — (b)?)

scattering length, as well as their respective cross sections [62,66]:

Ocon = 4m(b)? = 4mb?,, (2.26)
Oinc = 4m((b?) — (b)?) = 4mbj,, (2.27)

Combining (2.26) and (2.27) with (2.25), yields:

dZO' 1 kf

deEf - Ek_l (GCOh SCOh(q' (l)) + Ginc Sinc(q, (l))) (2.28)

The differential cross section is now comprised of a coherent and incoherent scattering
contribution, which are called the coherent S.,,(q, w) and incoherent dynamic structure

factor S;,,.(q, w), respectively [62,63].

o4



Fundamentals

Seon(q, w) = f (e~lariDelarj(D)) . g=iwtqy (2.29)

ij

N 2mh

Sinc(q, ®) _NﬂZf (e~lari(@plari(D)y . p—iwt gy (2.30)
These contributions in the integral represent correlation functions related to the sample
properties. Coherent scattering arises from both the correlation of a nucleus’s position over
time and the spatial correlation between different nuclei at different times. Since it results
from interference effects, it depends on the distances between nuclei, thereby reflecting their
positional correlations. As a result, coherent scattering generally describes collective
properties such as atomic structure. Figure 2.16 (b) illustrates how its intensity may vary with
q due to interference effects. In contrast, incoherent scattering is determined solely by the
self-correlation of an individual nucleus’s position over time. It occurs due to random
variations in atomic scattering lengths, which stem from non-zero nuclear spins or the
presence of different isotopes. Unlike coherent scattering, the scattered intensities from
individual nuclei sum up independently, making incoherent scattering a signature of diffusion,

i.e., atomic motion. As shown in Figure 2.16 (b), its intensity remains independent of q.
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Figure 2.16: a) Schematic representation of a neutron scattering spectrum as a function of neutron energy,
showing the elastic peak, a QENS contribution, as well as inelastic peaks. Adapted from Ref. [61] b)

representation of the coherent and incoherent scattering cross-section contribution to elastic scattering.
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Figure 2.16 (a) presents a schematic example of a neutron scattering spectrum. Theoretically,
the elastic peak should be located at E = 0. However, due to the finite resolution of all
instruments, this peak broadens into a Gaussian shape. The resolution of a given instrument
determines the timescales of dynamics that can be investigated. If the diffusion timescale in a
material is comparable to the timescale probed by the instrument, a Lorentzian peak emerges,
further broadening the elastic line. This effect results from thermally activated processes, such
as translational motion or random jumps, which cause transitions between configurations of
equal energy. In principle, this corresponds to inelastic scattering centered at E = 0, where
the transferred energy dissipates rapidly, leaving the system in a final state with the same
energy as its initial state. Consequently, this phenomenon is known as quasielastic neutron

scattering (QENS).

2.4.2 Elastic scattering

“It is important to point out that the mathematical formulation of the physicist's often crude
experience leads in an uncanny number of cases to an amazingly accurate description of a

large class of phenomena.” Eugene Wigner

In the previous section the derivation of the differential cross section measurable by a neutron
scattering experiment was shown. This section is dedicated to a special case of equation (2.28),
just considering elastic coherent scattering processes, which contain information of positional
correlation of the monoatomic scattering ensemble. For elastic scattering processes double-
differential cross section is summed over all possible final neutron energies dE considering

the integral:

do ® d?%q

O 22 (2.31)
o~ ), deEde

Further, the assumption of thermodynamic equilibrium is introduced, which results in the
wavefunction e@7(® being independent of time (e.g. r;; # f(t)) and as well as considering
the result of the time-dependent Fourier transform f_ooooe_i“’tdt = 2nd(w), where §(w) is

the Dirac-delta-function. Inserting equations (2.29) and (2.30) into equation (2.28) yields:
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d?o 1 kf
dQdE;  4mk; (0con Scon(q, @) + Oine Sinc(q, )
i
11 kfl —iqr; ,iqr;j
= Nak—ﬁ Ocoh Z(e riplqd I) + Noinc 6(0)) (2'32)
i

ij

Integration over all final neutron energies dE = hdw and considering the elastic scattering

event, where k; = k;, gives:

do ® d?c 11 iar e o
d_Q(q) = f d0dE, hdw = N 27\ Ocon Z(e Mield"j) + Noj,, f S(w)dw (2.33)
0 i 0

Given the identity of the Dirac-delta-function fooo 6(w)dw = 1 [67], equation (2.33), while

also considering equations (2.26) and (2.27), reduces to the microscopic differential cross

section:
do 1 ) .
(@) = 3 bon ) (e7ei) + b, (234)
i,j

It is now more evident that the incoherent scattering contribution in the elastic case does not
depend on the scattering vector and thus ads a constant background (see also Figure 2.16 (b)).
While the microscopic differential cross section is a measurable quantity, most experiments
rely on the comparison to the scattering of a known calibration standard of same volume and
scattering conditions, such as H,0 or Vanadium [57,68], which only show a flat incoherent
background at small scattering vectors. For this we further introduce the macroscopic

differential cross section as:

(Bw-(E), 0@, Y[, 0] e

L) @ =t Y Y (e arm) (2.36)
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(E) _Ne (2.37)
dQ/ipe VT

The further discussion will be focused on the coherent scattering part only. Thus, in equation
(2.36), for the sake of convenience, the subscript indicating the coherent scattering part will
be further neglected. While the previous discussion and derivation was evolving around a
monoatomic system, in most cases more than one atom is present in a system. Thus, equation

(2.36) can be generalized accounting for multiple atoms (i, j) present and reads:
dz N /do 1 .
(@) @ =7 (G @ =7 2. 2. baytee) (2.38)
i J

2.4.3 Small angle scattering

“We cannot solve our problems with the same thinking we used when we created them.” Albert

Einstein

Considering the derivations above, the following section outlines a different approach to the
same problem and towards the end comes back to the original equation proposed above. The
spatial correlation of the ensemble of monoatomic scatterers as described by equation (2.36),
may further consider separating the double summation, where i = j, and replacing the
second summation by an integral. Additionally, as scattering ultimately arises from deviations
in the density, a term proportional to the atomic number density n; (r,-]-) is introduced. With
r;j = 1; — r; as the distance vector between r; and the reference atom position r;, equation
(2.36) is transformed to [64]:

(2—3) (q) = NbVZ + bvzz fv [ni(ri]-) - no] (e—iqru‘)dVi

b? .
+"0_ZJ (e~ aT=T))qY, (2.39)
v,
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This results in two distinct coherent scattering contribution. The first part to equation (2.39)
describes the atomic/molecular correlations, whereas the last part accounts for scattering
from a homogenous atom density. The separation remains exact as long as there are no
correlations between atomic structures and larger-scale structural features. In practice, this
condition is generally met in crystal lattices with long-range order and when the characteristic
length scale of the larger structure is significantly greater than typical atomic distances.
However, even when the difference in length scales between atomic and higher-order

structures is small, often such correlations are negligible [64,65].

Taking only the first two terms in equation (2.39), considering isotropy and the spatial average
of (e‘iqrii) (see equation (2.41) [65]), alongside the introduction of the radial distribution

function being g(r) = n(r)/n,, the general expression of the (static) structure factor S(q) is

presented as:

(d_Z) @v 4 [ 2.40
Q) 7 7 1+— | r[g(r)—1]sin(qr) dr (2.40)

S(Q) = N bz - q o

. . 1 (& '
(e—Lqr) = (elqr)* = _f f e(—lqrcose)sin (9)d9 d¢ — M (2.412)
i ), Jo ar

Moving forward, a reconsideration of the given problem involves abandoning the idea of an
atomistic structure, as the small angle scattering part (SAS) described by the last term of
equation (2.39), considers fluctuations in the average density n, at a higher hierarchical level

and the absence of long-range order. Thus, the summation in the last term of equation (2.39)
is replaced by an integral and the scattering length density p = n, b/V [cm™2] (SLD) is

introduced [64,65].

dz |
(d_Q)SAS (@) = f fv plrop(r) (e 40 )av,dv; (2.42)
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Further, the autocorrelation function 72(r) is introduced and equation (2.42) can be rewritten

as:

2(r) = f prdp +ry) [em™*]withr =r; —1;
14

dz .
i — iqr (2.43)
(dn)m () = fv ) (Y

Again, assuming isotropy and taking the spatial average leads to:

(d_E) (@ = f4nr2 Tz(r)wdr (2.44)
dQJ sas qr

For r = 0 the auto-correlation function 72(r) equals ($?), which is the spatial ensemble
average of the squared SLD. At r = o, T2(r) approaches {f)?and adds a constant background
in the autocorrelation function, which does not contribute to the coherent scattering intensity.
Thus, it is convenient to subtract the mean SLD and only consider the scattering length density
fluctuations and introducing the correlation function Vy(r) = t2(r) — V(p)?, transforms

equation (2.44) to:

ﬁ B sin (qr) 24
(d9>s,45 (@) = Vf 412y (r) —ar dr (2.45)

The correlation function holds all information about spatial fluctuation of scattering length
density of a sample. In the following, the general expression of equation (2.45) is further
applied to the special case of a non-particular two-phase system with sharp interfaces, like

interconnected pore networks illustrated in Figure 2.17 (a).
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Figure 2.17: a) Schematic representation of a disordered porous two-phase system and b) scattering length

density profile of the two-phase system. Adapted from Ref. [69]

For isotropic systems, the correlation function can be rewritten as the spatial average of the

scattering length density fluctuation n(r) = p — (p) [65]:

y() = @rn(y + 1)) = (1 — ) (Ap) %y, (1) (2.46)

Here, the normalized autocorrelation function y,(r) was introduced, while V is the irradiated
sample volume, ¢ the volume fraction of one phase (e.g. pores) and Ap the scattering length

density difference (see Figure 2.17 (b)). Inserting equation (2.46) in (2.45) results in:

(0]

dx
(_) (@) = V(A - 9)p(8p)? f 4mr?y, (1)
SAS

sin(qr) (2.47)
dQ 0

dr

From equation (2.46) it becomes immediately evident that small-angle scattering arises due
to density differences of any kind, thus changing the SLD of one phase, results in changes of
the scattering intensity. The discussion of the density fluctuations can be easily extended to a
multi-phase system by considering the mean SLD (p) of the system and the respective volume
fractions ¢; of the phase, as long as there are no correlations between the phases, and reads

[66]:

N N
7= 6 (o — () with (9 = ) ¢:i (248)
i=1 i=1
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A visualization of a multiphase system embedded in a matrix is shown in Figure 2.18. When
the SLD of the matrix (p) and a respective phase is the same, there is no scattering contrast
((p; — (P) )? = 0), yet there is still a contrast between the individual phases, which leads to a

measurable scattering intensity.

2 2

=D ~dP

{P1) {P2)

Figure 2.18: Schematic representation of a multiphase system embedded in a matrix. The mean SLD of the matrix

is increasing from left to right, showcasing contrast matching scenarios.

With the analysis given by (2.48), a general trend of the density evolution of a system can be

achieved, yet the information about underlying structure of the phases is lost.

Continuing the earlier thought, that the correlation function holds all information of the
spatial distribution of scattering length density, a special case of a correlation functions is
discussed, to which the integral in equation (2.47) yields an analytic expression, the Debye-
Anderson-Brumberger (DAB) model [70]. The exponentially decaying correlation function (see
equation (2.49) and Figure 2.19 (a)) implies a random pore structure, where the correlation
length T is defined as the arithmetic average of the correlation function, e.g. the average
chord length of the system. The correlation length T is related to the specific surface S / V of

the pore network, as shown in equation (2.49).

r ] 4Ve(1 — @)
Yo(r) = exp (— T) withT = % (2.49)
The resulting scattering intensity is an analytical function given by [70]:
2m(Ap)?-S
Ipap(q) = >
1 (2.50)
(+a2) v
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. . . dz
The observant reader may have realized that the macroscopic cross section (E) (gq) was

replaced by I(q) in equation (2.50). In literature discussing small angle scattering data often

I(q) (in arbitrary units) is used as no calibration to absolute units was performed, whereas

dz o . . _ . . L .
(E) (q) is given in units of cm™1. In the following this notation is kept, such that reader is

familiar with the meaning of the respective notation.
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Figure 2.19: a) visualization of the correlation functions y, () resulting from the DAB model and b) scattering

intensity of the DAB model. Displayed for two different correlation lengths: T; < T,.

Figure 2.19 (b) shows the scattering intensity resulting from the DAB model, which will be
further used to derive some universal laws of SAS. The following laws are independent of the
used correlation function and a only applicable when applied to a two-phase system with
sharp interfaces. The scattering intensity in the low-q limit (e.g. g = 0) is proportional to the

correlation volume T3:

Ipap(q = 0) = T38mp(1 — ¢)(Ap)? (2.51)

Changes to the correlation length during scattering experiments, for example as a result of

strain, will therefore significantly influence the scattering intensity at low-q.

In the intermediate g-regime, the transition of constant contribution of I,,5(q = 0) to a

power law decay is seen. Figure 2.19 (b) shows a comparison of two DAB functions with
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different correlations lengths, such that T; < T, thus showing that the inflection point is

inverse proportional to the correlation length.

In the large g-regime the scattering intensity decays according to a power-law, which is known

as Porod’s law [65,71]. For an ideal two-phase system with sharp interfaces, e.g. the

assumption in our model, the scattering intensity at ¢ — oo takes the form of equation (2.52),

where P is the Porod constant.

P
4

7 (2.52)

8m 1 21
Ipap(q = ) =Ve(1 - gp)(Ap)ZT - pr = (Ap)ZF'S —

The inset in Figure 2.19 (b), shows the so-called Kratky plot (named after the Austrian physicist
Otto Kratky), which plots I(q) - g>dq against q. This plot is especially useful to calculate the

integrated intensity I (also often referred to as the invariant) takes the form of equation (2.53).

= j 1(@) - g2dq = 212Ve(1 — ¢)(Ap)> (2.53)
0

The Porod constant P as well as the integrated intensity I can be obtained from the scattering
intensity and be further used to calculate the volume specific surface area S/V of the sample,

as shown in equation (2.54).

I 2rn%p(1—-@)(Ap)?*V . 4
P 2n(Ap)3S =mp(l - (p)g
S P
V= np(1l— @) 7 (2.54)

Further considering the definition of the correlation length in equation (2.49), T can be further

derived with:

T—4i—4 1 v 2.55
== o( “’)5 (2.55)

The strength of these integral parameters is that there is no need for a calibration to absolute
units to derive the S/V and T. For a two-phase system, consisting of pores and a dense

(carbon) matrix, the respective chord lengths of pores and the matrix can be calculated using
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equation (2.55). The correlation length T (or average chord length) is sometimes also referred

to as the Porod length.

T = 5= A-9)l, =9l (2.56)

2.4.4 \Wide angle scattering

Extending the above derivation of the scattering intensity into the wide-angle regime and
discussing the scattering of neutron on a crystal, equation (2.38) is put into another
perspective. When neutrons interact with a crystal, they scatter elastically at the atomic nuclei.
The fundamental equation governing neutron scattering intensity from a crystal is given by

the equation (2.63):

() @ =72 3. pye (257)
U

The summation runs over all atomic positions, accounting for both interatomic and intra-unit
cell contributions to the scattering intensity. A crystal is defined by its periodic structure,
which can be described as the convolution of a Bravais lattice and a basis. The Bravais lattice
defines the translational symmetry of the crystal, while the basis describes the atomic
positions within a unit cell [64]. If R,, represents the position of a unit cell and d,,, the atomic
position inside that cell, the total atomic position is given by r;; = R;, + d,,. Substituting this
into the scattering equation allows separation of the contributions from the periodic lattice

and the atomic arrangement within the unit cell:

(2—3) (@) = l;,—ZZ e~iakn Z e~a%m (2.58)

The second summation term, which accounts for the internal arrangement of atoms in the

unit cell, is known as the structure factor:
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— —iqd
F(q) = Ze Ha%m (2.59)
i
The first summation term involves the lattice positions R, and leads to constructive

interference only when the scattering vector corresponds to a reciprocal lattice vector.

The concept of the reciprocal lattice is crucial in diffraction analysis, as it provides a
mathematical representation of periodic structures in reciprocal space. The reciprocal lattice
is constructed such that each point in this lattice corresponds to a set of lattice planes in real

space. The reciprocal lattice vectors aj, a3, a; are defined by the relationships:

21 21 21
a; = 7(612 X az),a; = 7(613 Xa),a;3 = 7(“1 X as) (2.60)

Where V is the unit cell volume and a4, a,, as are the lattice vectors. Constructive diffraction
arises when the Laue condition is fulfilled: ¢ = G. Here, q is the scattering vector, and G is a
reciprocal lattice vector. This formulation connects the physical geometry of the crystal lattice

with the mathematical structure of diffraction, allowing for the prediction of diffraction angles

and intensities.
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a ] 1 /. .\\‘\ g d ] ¢ O/
. 1, \ e ~
Real space —eo—9o 9o oo . # p—> o @ ® d ©
a, R \l d ﬂ’;‘ e — )
a, /Q/ —© P&
G ©

Reciprocal i [31. . If“ .\-
B = - el T
Space I a g a," ‘-'l’ B, ® cos(307) a
' ar A ’

Figure 2.20: Schematic of the construction of the reciprocal lattice from the real space lattice in 1D, 2D and 3D.

Adapted from Ref. [64] and with permission from Wiley VCH.

Bragg’s Law provides a direct geometric interpretation of diffraction conditions in terms of

reflections from atomic planes. If atomic planes are separated by a distance d, constructive
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interference of scattered waves occurs when the extra path length traveled by a neutron wave
reflecting off adjacent planes is equal to an integer multiple of the neutron wavelength. This

condition is written as:

2d sinf = nA (2.61)

Here 6 is the angle of incidence of the neutron beam with respect to the atomic planes, A4 is
the neutron wavelength, and n is an integer representing the diffraction order. Bragg’s Law is
fundamental to neutron diffraction because it determines the angles at which diffraction
peaks occur, thereby allowing the determination of interatomic spacings and crystal
structures. The orientation and spacing of atomic planes in a crystal are described using Miller
indices. These indices define a family of parallel atomic planes and are determined from the
reciprocal of the plane’s intercepts with the crystallographic axes. The interplanar spacing for

a given set of Miller indices in a cubic system is given by:

a

d = 2.62
N (262

Here a is the lattice constant. Since diffraction occurs when the scattering vector corresponds

to a reciprocal lattice vector, the magnitude of is related to the interplanar spacing with

|Grril = %. Thus, Bragg’s Law reads: 2djy; sin@ = nA and is equivalent to the Laue

condition.

For a 2D crystal, like graphene (see Figure 2.21 (a)), the lattice parameter as a function of the

Miller indices (h, k) is given by dy;, = m = q—n, whereas the interplane distance of
hk

stacked graphene sheets in graphite (or turbostratic carbon), as shown in Figure 2.21 (b), is

directly related to the peak position with ggg, = dz_n'
002
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Figure 2.21: a) Representation of a 2D crystal, like graphene, with indication of the (10)- and (11)-planes and b)
stacking of graphene sheets found in graphite or turbostratic carbon with indication of the interlayer spacing

dyo2 and the (002)-plane.
2.4.5 Neutron and X-ray scattering of nanoporous carbons

“Broadly speaking, the discovery of X-rays has increased the keenness of our vision ten

thousand times, and we can now 'see' the individual atoms and molecules.”

William Henry Bragg

In the beginning of this chapter, the difference in interaction of neutrons and X-rays with
matter was shortly outlined and shall be further discussed. Neutrons interact with the
potential of atomic nucleus and thus the scattering length of elements vary randomly across
the periodic table. X-rays, being electromagnetic waves, interact with the electron cloud of
the atom, thus the scattering length increases with the atomic number Z according to equation
(2.63) [63,64]. Here, 1, is the classical radius of the electron, e the elemental charge, g, the

dielectric constant of vacuum and m,, the electron mass.

2

beon(q) =Z 1, g(q) withr, = = 2.818 fm (2.63)

ATEgM, C?
With this, further the atomic formfactor g(q) was introduced, which accounts for the spatial
extensions of the electron cloud around the nucleus. X-ray photons scattered by different
electrons interfere, resulting in a Gaussian-like distribution of the atomic form factor, as

illustrated Figure 2.22. This distribution corresponds to the Fourier transform of the electron
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density distribution. A comparison between the atomic formfactor for X-rays and the coherent

neutron scattering length of hydrogen and carbon is given in Figure 2.22.
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Figure 2.22: Comparison of the atomic formfactor for X-rays and the neutron coherent scattering length of

Carbon and Hydrogen.

The distinct interactions of both kinds of waves makes them useful to probe different effects
in structures and physical phenomenon. It becomes evident that hydrogen is essentially
invisible to X-rays in comparison to the scattering length of carbon, whereas for neutrons
hydrogen and carbon have a high scattering length, yet of opposite signs. Thus, studies
involving hydrogen benefit highly from the use of neutrons, whereas when the effects of
hydrogen adsorption on a structure, like deformation, should be studied, X-rays might be

beneficial.
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In the following section the scattering signal obtained from nanoporous carbons will be
further discussed in more detail and is valid for both neutrons and X-rays used as the probe.
Figure 2.23 (a) shows the general set-up of a scattering experiment in transmission mode,
where 26 is the scattering angle. Figure 2.23 (b) showcases neutron scattering pattern in a
log-log-scale, of a nanoporous carbon covering a wide range of scattering vectors. For
scattering vectors g < 1 nm, the scattering pattern shows a power-law decrease I,,:(q),

which is related to the scattering of larger structures or external surface of individual carbon

particles.
a) b) T . T
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Figure 2.23: a) Schematic representation of elastic scattering experiment and b) Small- and wide-angle neutron
scattering profile of nanoporous carbon. The individual contributions from I,,.(q) (dashed grey line), Iyp(q)
(solid grey line), and Iz (q) (dotted grey line) are illustrated schematically. Vertical red dashed lines indicate the
(002) stacking peak, while in-plane peaks of the atomic-scale carbon structure (hk) are marked with green dotted
lines. The inset presents real-space structural models (reprinted with permission from Ref. [72]) alongside an

atomic structure visualization.

For scattering vectors > 1 nm, the slope is changing and traversing into almost constant
plateau which is related to the nanopore scattering Iyp(g), which might be described by the
DAB model (see equation (2.50)). As discussed earlier, the DAB function approaches a slope
of -4 in the high g-regime (~ 4 nm), yet the experimentally observed scattering pattern decays
with a slope < -4. This deviation generally could stem from two contributions, a fluctuation
term Ir;c:(q) and a coherent scattering contribution Iz(q), which originates from the
structure factor of the carbon atoms (see also equation (2.40)). All coherent contributions to

the scattering pattern are summarized in equation (2.64).
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Isas(q@) = lext (@) + Inp (@) + Irpuce (@) + Ip(q) (2.64)

The fluctuation term ¢, (q) considers imperfections of the atomistic carbon structure, thus
leading to density fluctuations. Isotropic three-dimensional fluctuations lead to a constant
[73], scattering vector independent, scattering contribution, comparable to Laue-scattering in
alloys, which might me directly incorporated in Iz(q). One dimensional fluctuation along a
crystallographic direction, e.g. the (002)-stacking of graphene sheets (depicted by the inset in
Figure 2.23 (b)), would cause an additional coherent contribution that decays with a slope of
-2 in the high g-regime [74,75]. In the scattering vector range > 10 nm%, multiple contributions
add to the scattering intensity and deviation of the ideal slope proposed by Porod’s law. In
addition to possible fluctuations and scattering from small pores (< 0.5 nm, or rough pore wall),
the scattering of the atomistic carbon structure becomes noticeable. The (002)-reflection of
stacked graphene sheets are rather broad, which based on the discussion above, hints towards
a low degree of ordering along that crystallographic direction. This is also noticeable in the
atomistic structure of Figure 2.23 (b), as only a couple of layers are visibly stacked. Further this
poses the question whether the separation of Ir,,.(q) and Ig(q) is necessary, as the
discrimination between those contributions is not unambiguous, considering the length scale
of the smallest pores and the atomic distances between stacked graphene sheets being in the
same order of magnitude (0.5 and 0.3 nm, respectively). Determining whether the deviation
from the gq* decay should be attributed to the intrinsic nanopore scattering intensity
(characterized by a power-law decay with an exponent smaller than four) or treated as an
additional term within the carbon structure factor appears somewhat arbitrary. In general,
distinguishing between these contributions is particularly challenging for carbons with very
small mean pore sizes (typically < 1 nm in our case). Given this complexity, multiple

approaches exist, each of which can be considered equally valid.
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2.4.6 Scattering from atomistic models of nanoporous carbons

“In the intervening more than six decades enormous progress has been made in finding
approximate solutions of Schrédinger’s wave equation for systems with several electrons,

decisively aided by modern electronic computers.” Walter Kohn, Nobel Lecture 1998

Atomistic models of structures and molecules built a substantial part of today’s materials
research, as molecular simulations can be directly compared to experimental findings. Given
that an atomistic model was generated by means of DFT, MD or MC, it can be used as input
to calculate the scattering signal of the respective structure. In earlier chapters, the
development of atomistic models of nanoporous carbons was discussed in more detail and as
was promised in the beginning of this chapter, the originally derived equations shall be used
in this context. Equation (2.65) is formally equivalent to equation (2.38), yet it already
considers the result found by Peter Debye for the spatial averaging of the scattered wave

function (Fourier transform) and is thus named, Debye equation.

1 in(qr;;
@=7) > b (q)bj(q)smq(%’) (2.65)
i Y

Here the summation runs over all atoms i and j, and considers the respective coherent
scattering lengths b;(q) and b;(q). This equation computes the scattering intensity as the

sin(qrij)

summation of products of the coherent scattering length with =
ij

, Where 7;; is the

distance between the respective atoms. The solution given by the Debey equation is exact yet
given the high number of atoms in the atomistic models of the nanoporous carbons (~10000
atoms), as shown in Figure 2.9, this method is computationally demanding. To decrease the
computation time for such large structures a different approach might be better suited. The
reciprocal lattice approach, summarized by Tomsic et. al. [76], is based on the idea to arrange
duplicates of the simulation box indefinitely in all three dimensions, next to each other,
leading to a 3-D periodic structure. The intensity is calculated by squaring the sum of the
scattering amplitudes along specific crystallographic direction, indicated in equation (2.66) by
the Miller indices (h, k, [), where b;(qy,) is the coherent scattering length of the respective

pseudo-atom. The respective scattering vectors g, are calculated by equation (2.67), which
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considers the fact that only integers of n lead to constructive interference. The minimal value

of the scattering vector (q,,in) Obtained is closely linked to the dimension of the simulation

box L and reads: quin = ZL—n
N ) 2
mn
I(Qn) = z bj(CIn) exp <_Ti . (hXj + kyj + le)) (2.66)
j=1

2n
qn = n-T\/ h? + k2 + 12 (2.67)

Thus, the computational time depends on the chosen number of lattice directions and their
multiplicity as well as the number of atoms. Yet this approach reduces the number of
calculations by a factor of at least N compared to the Debey equation, given the same spacing

of scattering vectors and number atoms N.

For both computational approaches, a fundamental challenge arises due to the finite size of
the simulation box, which contrasts with the effectively infinite sample volume in
experimental measurements. In small angle scattering, this finite size leads to spurious signals
at low g values, as the abrupt density discontinuity at the simulation box boundaries
introduces artificial scattering features. This effect has been widely discussed in the context
of molecular simulations, where the simulation box is often only slightly larger than the solute,
causing unwanted contributions in the same g-range as the solute's scattering signal. However,
in the case of atomistic structures of nanoporous carbons, the impact of this finite size effect
is significantly reduced. Since these models contain thousands of atoms and are designed to
approximate an extended, disordered network, their simulation boxes are already large
compared to typical molecular simulations. As a result, the characteristic length scale of the
finite size effect, which manifests at g,,i, = ZTR, is shifted to much smaller scattering vectors,
well below the range of interest for analyzing the internal structure of the material. This
ensures that the computed scattering signal primarily reflects the structural features of the
nanoporous carbon rather than artifacts introduced by box boundaries, making the reciprocal
lattice approach a robust tool for studying such disordered materials. Further consideration

on limiting the finite size effect was given by Majumdar et. al. [77], introducing a novel
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approach by combining the strengths of the reciprocal lattice approach and the Debey

equation.
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2.5 Neutron scattering of adsorbed hydrogen — a literature review

“What we observe is not nature itself, but nature exposed to our method of questioning.”

Werner Heisenberg

In 1949, Scheaffer et. al. made an observation of an isotherm displaying an unusually high
helium (He) uptake for the first adsorbed layer on carbon black at 4K [78]. The first
phenomenological explanation was given by Steele, assuming a double-layer formation to
explain the high observed He capacity [79]. Later studies uncovered significant discrepancies
in the surface area determination of Graphon (graphitized soot) using nitrogen adsorption at
77 K and hydrogen adsorption at 20 K. Their analysis suggested an intermolecular distance of
2.95 A between hydrogen molecules in the adsorbed monolayer, pointing to a density far
exceeding the three-dimensional density of solid hydrogen. In the previous chapters the
interaction of neutrons with hydrogen was shown to be quite advantageous for studying the
physical processes involving the molecule. The negative coherent scattering length of H; and
the positive one for D, allow to study isotope effects in more detail, while the high in
incoherent scattering length gives rise to the study the dynamics of the molecule. In the
following recent works are discussed in more detail, highlighting how different neutron
scattering techniques can contribute to a deeper understanding of some unexpected

properties of molecular hydrogen in confinement.

A recent study from 2022 by Balderas-Xicohténcatl, revisited this phenomenon observed by
Schaeffer and others, by combining INS and path-integral molecular dynamics simulation [80].
They studied the adsorption of H, and D; on a mesoporous silica surface, which consist solely
of mesopores of size around 10 nm. In relation to the kinetic diameter of the molecule around
0.3 nm, the silica surface was assumed to be basically flat. Figure 2.24 (a) shows the adsorption
isotherms measured using Ar, H, and D; and at their respective boiling points (87.3 K, 20.37
and 23.31, respectively). As stated in section 2.1.2, the BET-theory is applicable for fluids at
their respective boiling point, which lead to specific areas of 359, 719 and 664 m?/g. This
observation aligns with earlier ones, and indicates that hydrogen forms a monolayer of much
higher density on a silica surface, compared to Ar at its respective boiling point. The lack of

microporosity within the mesoporous silica indicates that for all molecules the accessible
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surface area is the same, thus the difference in monolayer capacity is attributed to the

existence of a super-dense hydrogen monolayer.

Based on the determined monolayer capacity of H, and the surface area measured using Ar,
a molecular cross-sectional area for adsorbed H, of 7.1 A2 was calculated. Assuming a 2D
hexagonal arrangement of H, molecules, the corresponding intermolecular distance on the
surface is 2.9 A. If this 2D spacing were extended into three dimensions to form a hexagonal
close-packed lattice, the resulting 3D density would be 202 kg m~3. This density is nearly three
times higher than the bulk densities of liquid hydrogen and more as double as large as the one
of solid hydrogen (p;;; = 70.9 kg/m® ps = 86 kg/m®). For D, the same analysis yields a
similar high-density monolayer with a cross-sectional area of 7.0 A2.
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Figure 2.24: a) Adsorption isotherms of H,, D,, and Ar in KIT-6 at their respective condensation. All adsorbates
exhibit Type IV isotherms (Ar: orange triangles; H: red squares; D,: blue circles). The monolayer capacity for H,
is twice that of Ar (8.4 mmol/g vs. 4.2 mmol/g), indicating that twice as many H, molecules are required to cover
the surface compared to Ar atoms. b) Temperature-dependent INS spectra at various H, loadings: INS spectra at
5K (left) and 20.3 K (right) correspond to coverages of 1/8, 1/4, 1/2, 3/4, 1, and 2 monolayers. All spectra feature
two low-energy peaks near 11 and 14 meV, associated with hindered transitions of the free-rotor energy (14.6

meV). Reproduced from Ref. [81] and with permission from Springer Nature.

Figure 2.24 (b) shows a comparison between the INS neutron energy loss spectra collected at
5 K (left) and 20.3 K (right) after dosing different amounts of H; corresponding to coverages
of 1/8-,1/4-,1/2-, 3/4-, 1- and 2-times monolayer capacity. For both temperatures the spectra
show two low-energy peaks centered at energies around 11 and 14 meV and a very broad
maximum at 30 meV. A detailed peak analysis revealed a splitting of the two peaks into three
contributions centered around 10.6, 11.6 and 14.2 meV. The peak-splitting has been

theoretically shown to result from a hindered rotation due to anisotropic interaction
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potentials of the molecule with the surface. For the first adsorbed layer, the rotation is
hindered, whereas the second layer behaves as a free-rotor (sharp peak at 14.6 meV) for the
spectra collected at 5 K, whereas the free-rotor transition at 20.3 K seems further to be of
hindered nature. Thus, the second adsorbed layer is no longer influenced by the adsorbent
surface. The theoretical calculations have shown that H; can be packed tightly into a hexagonal
arrangement with a Hx-H; distance of 3.2 A, which is larger compared to the experimental
finding of 2.9 A. This high density is possible due adsorption energy of the surface exceeding
the intermolecular interactions by a factor of 5, whereas the strong compressibility is also

achieved by the absence of core electrons.

Similar findings have been reported earlier, observed at higher temperatures and in
disordered systems containing mainly micropores (dso = 0.7 nm). Ting et. al. performed INS
measurements of adsorbed H, at different gas pressures and temperatures, which showed
the presence of the rotor line (14.7 meV) at even the lowest H, amounts adsorbed [56]. This
suggests an accumulation of solid-like H, rather than a dense gaseous phase that increases
density with increasing pressure. The rotor line remained visible to a temperature of 100 K.
Similar experiments using carbon materials exhibiting a larger mean pore size do not show the
free rotor line, suggesting the confinement effects, play an influential role in this phenomenon.
This was further investigated by Tian et. al. studying the disordered TE7, a single walled carbon
nanotube (SWCNT) and a carbide derived carbon sample [54]. The three samples exhibit
distinct but different pores sizes and geometries, thus allowing to study the influences on the
H, densification. The combination of INS with molecular simulations of H, adsorption in slit-
and cylindrical pores revealed a strong confinement effect for pores below 1 nm in size,

whereas the same solid-like behavior was found at lowest amounts present.

The TE7 material has been proven to be a good candidate to study confinement effects, due
to its bimodal PSD. The studies presented so far only probed the neutron energy loss spectra,
thus the signal originating from para-H,. Terry et. al. have also collected the neutron energy
gain spectra of the TE7 material at 1 bar H, loading and different temperatures (see Figure
2.25 (a-d)). This allowed to study the ratio of ortho- and para-H; confined in the pore space at
different temperatures. As discussed before, the anisotropy of the interaction potential can

lead to a splitting of the rotational line. This was also observed clearly for the ortho-species.
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Figure 2.25: Temperature-dependent INS of J = 1> 0 ortho-to-para and J = 0= 1 para-to-ortho transitions of 1
bar Hz confined in highly microporous TE7 at 4 K (a, b) and 40 K (c, d), Q = 3.4 A%, Solid lines show rotational
transitions: freely rotating H, in pores >1 nm (1) and hindered H, in pores <1 nm (2, 3). Dashed lines indicate
elastic scattering. e) Distribution of ortho- and para-H, across adsorption sites in TE7 at 4 K, highlighting dominant
rotational orientations and f) Quantum rotational energy levels of H, in free space versus within a pore with
anisotropic potential: Adsorption into the pore lifts the degeneracy of J = 1 and splits the magnetic rotational sub
levels. Reproduced from Ref. [38] and with permission from Royal Society of Chemistry

The overlap of the anisotropic potential from the pore walls becomes substantial, hindering
the free rotation of H, molecules and altering their rotational energy levels. This overlap lifts
the degeneracy of the triplet J=1 state, causing a 2:1 splitting of the magnetic rotational
sublevels (see Figure 2.25 (f)). As the pore size decreases further, the overlapping anisotropic

potential intensifies, increasing the separation of rotational energy levels for each orientation

and widening the energy gap (Ae) between the split states.

In TE7, the sub-nanometer pore sizes are sufficiently small to accommodate up to a double
layer of H,, maximizing the influence of the overlapping anisotropic potential on the solid-
state H, confined within the pores. INS measurements reveal two split peaks in a 2:1 intensity
ratio for the J=0->1 excitation, which is indicative of para-H, trapped in micropore adsorption
sites smaller than 1 nm. These findings suggest three distinct adsorption environments within

the carbon structure that influence H, behavior: a mesopore-type environment with
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diameters greater than 1 nm (site 1), and two distinct micropore environments smaller than
1 nm (sites 2 and 3). The adsorption environments also exhibit differences in molecular
ordering and the para-to-ortho H, ratio. At 40 K, freely rotating para- and ortho-H, in a ratio
of 87:13 were observed in the mesopore adsorption site (1). However, at 4 K, only freely
rotating para-H; is present, indicating a rapid and complete thermodynamic conversion of
ortho-H, to para-H, in pores larger than 1 nm. In contrast, micropore adsorption sites (2 and
3) exhibit a para-to-ortho ratio of 57:43 at 4 K, demonstrating that the thermodynamic
conversion in sub-nanometer pores is significantly less efficient compared to larger pores.
Notably, at site (3), only J=1->0 transitions were observed at all temperatures, indicating that
only ortho-H, is adsorbed at this site. These results point to preferential adsorption and
potential spin-trapping of ortho-H, at site (3), even at low temperatures, highlighting the
reduced thermodynamic conversion rate of ortho-H, to para-H, in smaller pores. Generally,
the transition rate was reported to be as slow as 0.4 %/h or as fast as 140 %/h in the presence

of paramagnetic sites within the carbon material [38,82,83].

The study by Terry et. al. also included neutron diffraction experiments at different
temperatures and high pressures of up to 2000 bar [38]. Figure 2.26 (a, b), shows the neutron
diffractograms for a micro- and a mesoporous carbon samples, collected for two different g-
ranges. The diffractograms show peaks that can be related to the presence of hexagonally
closed packed (HCP) and a face centered cubic (FCC) solid H. phase at 10 K and pressures of
200 and 2000 bar. FCC H3 consists of orientationally-ordered ortho-H, and is a metastable
phase. It requires an ortho-H; concertation of > 60% and is achieved by the alignment of H;
electric quadrupole moments (see Figure 2.26 (c)). The presence of the FCC phase indicated
that the thermodynamic ortho-para conversion was hindered and is primarily found in

micropores, as also concluded from the INS data.
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Figure 2.26: Neutron powder diffraction of confined crystalline H, at low temperatures: collected in two different
scattering vector ranges (a and b) and Hz pressures, for a microporous and mesoporous carbon, respectively. The
Bragg peaks indicate two distinct crystalline H, phases: hexagonal close-packed (HCP, %) and face-centered cubic
(FCC, m). c) Crystal structures of H, showing the orientationally disordered HCP lattice and the orientationally
ordered FCC lattice. d) Temperature-dependent neutron powder diffraction data of microporous carbon dosed
to 200 bar H: at 77 K. e) Bulk phase diagram of ortho-Hz at T = 0 as a function of pressure overlaid with the
observed crystalline phases of H2 in microporous carbon. Reproduced from Ref. [38] with permission from Royal

Society of Chemistry.

Figure 2.26 (d) shows the temperature dependency of the diffractogram of the microporous
carbon dosed to 200 bar. The ordered FCC and HCP phase are seen at 10 K, while an increase
in temperature just reveals the FCC phase. At 20 K the solid ordered phase is completely gone.
This indicates that the strong confinement effects of small micropores stabilize the ordered
ortho-H; phase, at conditions it wouldn’t be expected in the bulk phase, as shown in the phase

diagram in Figure 2.26 (e).
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In the earlier considerations of the mathematical derivation of the interaction of neutrons
with matter, we have established that not only the spatial average can be probed, but also the
time average. This gives rise to the dynamics of system and its scatters. In addition to
rotational transitions, translation transitions of self-diffusional processes can be probed. From
the broadening to the quasi-elastic peak diffusion constants can be calculated and linked to
structure and thermodynamic properties of a system. In particular, H, due to its high
incoherent scattering cross section gives rise to quasi-elastic scattering. Concluding from the
studies presented above that hydrogen shows solid-like behavior at temperatures ranging
from the melting point up to 100 K. Such a solid-like phase would be characterized by a certain
degree of translational immobility. Contescu et. al. performed QENS experiments to study H»
diffusion within two different carbon materials at temperatures from 7-37 K, thus from below
the melting point to above the critical point [84]. They have applied different diffusion models
to the observed quasi-elastic broadening and concluded that below 25 K, H, is basically
immobilized due to strong confinement effects. When the temperature increases the H;
molecules become mobile and show characteristics of a jump-diffusion-like behavior, rather
than a liquid-like diffusion. This study was later continued by Bahadur and Contescu et. al.
combining the QENS and INS [85]. For low amounts of H; adsorbed they have also found a
splitting of the rotational lines due to anisotropy of the adsorption sites, whereas at higher
loadings just a single free-rotor line was detected. The immobility of H, molecules prevailed
up to temperatures of 110 K and 3.35 bar and up to 40 bar at 77 K, where bulk H, would be
purely in the gas phase. The dynamics of H, within nanopore confinement is thus restricted
by strong immobilization, due to anisotropic adsorption sites. In comparison, the heavier
isotope D, exhibits a liquid-like diffusion and is mobilized at temperatures around 13 K,
whereas the diffusional constant of D, is ~70 times higher compared to H, [86]. At the onset
of mobility (25 and 13 K), both isotopes exhibit the same thermal de Broglie wavelength, thus
getting mobile when the quantum size is getting smaller than the effective pore with (see also

equation (2.14)).

The accessible time constants for diffusion are limited by the energy resolution of the used
instrument (AEAt > g). A study by Koppel et. al. tried to bridge the energy resolution of two

different instruments, in order to get a more comprehensive picture of the dynamics of
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confined H; [87,88]. They have investigated a well-ordered carbide-derived carbon, with a
broad PSD, ranging from ultramicropores to large mesopores. Figure 2.27 (a and b) show the
QENS spectra collected at 50 K and loadings of 10 and 31 mmol/g, respectively. Similar
measurements at another instrument allowed to use the obtained quasi-elastic broadening as
input for the other one, as both time-regimes are in principle convoluted within the spectra.
From applying a jump-diffusional model to the observed quasielastic broadening (Figure 2.27
(c and d)) can be related to the energy of certain adsorption sites (see Figure 2.27 (d)). In the
monolayer, H, shows low activation energy (Ea) due to strong confinement to the pore walls,
limiting mobility. In subsequent layers, reduced interactions with the walls lead to higher
mobility. At higher concentrations, H, in outer layers diffuses freely due to lower densities and

minimal intermolecular interactions.
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c) and d) display I'(Q) of the quasi-elastic broadening of the three components (blue, green and red points) at
50 and 100 K, respectively. The solid lines depict the fit of the data with the Hall-Ross model for jump-diffusion

e) The proposed mechanism for the diffusion of adsorbed H, between various adsorption sites within the

monolayer and subsequent layers is illustrated. Reproduced from Ref. [88] with permission from Elsevier.
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3 Experimental methods

This section introduces the different experimental methods used to characterize the sample

materials and probe the hydrogen physisorption in nanoporous carbons. The results

presented in this thesis were measured on a multitude of instruments and by different

contributing researchers. Table 3.2 summarizes the contributions to the later presented data,

as well as giving an overview of which characterization methods have been used for each

sample. The following sections describe the general experimental details used for the

experiment and are valid for the samples according to Table 3.2. The affiliations of the

contributing researchers are listed in Table 3.1 and their contribution to the experimental data

is referenced by their initials also found in Table 3.2.

Table 3.1: Names, initials and affiliations of researchers contributing to the data presented in the thesis. The

contribution to measurements is referenced in Table 3.2 by their respective initials.

Name Initials Affiliation
Sebastian Stock SS Chair of Physics, Department Physics, Mechanics and Electrical Engineering,
. . Montanuniversitdt Leoben, Leoben, Austria
Malina Seyffertitz MS
Max Valentin Rauscher MVR
Nikolaos Kostoglou NK Chair of Functional Materials and Materials Systems, Department of Materials Science,
. Montanuniversitat Leoben, Leoben, Austria
Stefan Zeiler Sz
Julian Selinger IS Institute of Bioproducts and Paper Technology, Graz University of Technology
Department of Bioproducts and Biosystems, Aalto University, Aalto, Finland
Theodore Steriotis TS Institute of Nanoscience and Nanotechnology, National Center for Scientific Research
) . “Demokritos”, Athens, Greece
Christos Tampaxis CcT
Bruno Demé BD Institut Laue Langevin, Grenoble, France
Viviana Cristiglio VC
Volker Presser VP INM — Leibniz Institute for New Materials, Saarbrucken, Germany
Nicholas Corrente NC Department of Chemical and Biochemical Engineering, Rutgers, The State University of

New Jersey, Piscataway, United States
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Table 3.2: Experimental techniques used to characterize the nanoporous carbon materials regarding structure, hydrogen uptake performance
and samples used for in-situ neutron scattering experiments. The initials in the parentheses reference to contributing researches and the

respective affiliations are found in Table 3.1.

Method Gas sorption analysis X-ray scattering Chemical Hydrogen adsorption Neutron scattering at the
Autosorb 103 analysis Institute Laue Langevin
Material N> CO, SAXS Bruker | XRD Bruker CHNS-O Autosorb 1Q3 SETARAM Hiden IMI SANS D16
(BD, VC)
ACC v (SS, NK) v (SS, NK) v (SS) v (SS) v (VP) v (SS) v (SS, MS) v (SS, MS)
MSC-30 v (S2) v (S2) v (SS) v (SZ) v (SS, NK) v (SS, NK)
MSP20-X v (SS, NK) v (SS, NK) v (SS) v (SS) v (SS, NK) v (SS, MS) v (SS, MS)
YP80-F v (SS, NK) v (SS, NK) v (SS) v (SS) v (VP) v (SS, NK) v (SS, MS) v (SS, MS)
UTL samples | v (SS, NK) v’ (SS) v’ (SS) v (S) v’ (SS, NK) v (Ts, cT)
OP samples v (SS, NK) v (SS) v (SS) v (15) v (SS, NK) v (TS, CT)




3.1 Materials characterization

3.1.1 Materials synthesis

The activated carbon materials studied within the framework of this thesis were synthesized
from different precursors and activated using different agents. The activated carbon cloth
(ACC) material was synthesized from a viscose rayon cloth, that underwent an impregnation
in an aqueous mixture of NH4Cl and ZnCl;, with a subsequent carbonization at 630°C under
nitrogen atmosphere. Subsequently, an activation step under CO, atmosphere at 930°C was
performed. More details to the synthesis can be found in Ref. [89]. The phenol-based MSP20-
X and the petroleum coke-based MSC-30 are commercially available activated carbon
powders and are activated using KOH (Kansai Coke and Chemicals Co., Japan). The coconut
shell-derived activated carbon YP80-F (Kuraray Chemical Co., Japan) is generally activated

using steam.

The other nanoporous carbons outlined in Table 3.2 were synthesized through a two-step
process of carbonization and chemical activation, following the method outlined by Gupta et
al. [90,91]. Used tea leaves (UTL) and orange peels (OP) were individually washed and dried
overnight at 60 °C in a furnace before being ground into fine powders. The pre-carbonization
step was performed at 450 °C for 2 hours under a nitrogen atmosphere, with a controlled
heating rate of 5 °C/min. The resulting pre-carbonized tea leaves and orange peels, which
remained non-activated at this stage, are referred to as UTLO and OPO, respectively.
Subsequently, the powders underwent chemical activation using KOH. For each activation
step, 1 g of pre-carbonized tea leaves or orange peels was mixed with KOH in a 1:1 mass ratio.
The mixtures were then pyrolyzed in a tube furnace (OTF-1200X-100-HNG, MTI Corporation,
USA) at 800 °C for 2 hours under a nitrogen flow of 50 cm3/h, maintaining a heating rate of 5
°C/min. The process utilized a quartz (SiO,) tube with alumina (Al,Os) sample holders for both
pre-carbonization and activation. Following pyrolysis, the activated carbon powders were
washed thoroughly with 1 M HCI and deionized water, then dried overnight at 60 °C. The
activation procedure was also conducted with higher KOH mass ratios of 1:2 and 1:3,

producing additional samples. The final activated carbons derived from UTLO and OPO are
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designated as UTL1, UTL2, UTL3, and OP1, OP2, OP3, where the numerical suffix represents

the KOH-to-carbon ratio. A schematic representation of the synthesis process is provided in

Washed and Pre-Carbonization Carbon Activation Activated

dried material Carbon

Used Tea Leaves
UTL

-
kY
el

Orange Peels
oP

Figure 3.1: Schematic representation of the synthesis process from used tea leaves and orange peels to
nanoporous carbons, including SEM images depicting the material’s morphology after carbonization and

activation.
3.1.2 Gas sorption analysis and hydrogen sorption experiments

The following description of the gas sorption analysis and the hydrogen sorption experiments
is valid for all samples studied, according to the methods used as outlined in Table 3.2 for each

sample, respectively.

Low-pressure gas sorption experiments were performed with an Autosorb iQ3 gas sorption
analyzer (Anton Paar QuantaTec) using N2 and CO; gases of ultra-high purity (i.e., 99.999% and
99.995%, respectively) as adsorbates. The carbon mass for each measurement was around 40
mg. Before the respective measurements, the sample was outgassed under vacuum (10®
mbar) for 24 h at 250 °C. The dead volume of the sample cell was reduced by inserting non-
porous glass filler rods, which were automatically assessed using He (purity 99.999%) gas
before each run. N, adsorption/desorption isotherms were measured at 77 K using liquid N,
as cryogen in the relative pressure (P/Po) range of 10%-0.99 in 77 steps for adsorption and 36
steps for desorption. CO; adsorption/desorption isotherms were collected at 273 K with 48

adsorption points and 20 desorption points in the absolute pressure range of 1.23 - 1060 mbar,
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where the temperature was controlled using a circulation bath filled with a mixture of water

and anti-freezing liquid.

Both the quenched solid density functional theory (QSDFT) method using the N-carbon
equilibrium transition kernel at 77 K for slit pores [20] and the multi-point Brunauer-Emmet-
Teller (BET) method using the BET consistency criteria (ISO 9277:2022) were used to
determine the specific surface area from the N, sorption data. Using the QSDFT method, the
specific pore volume and pore size distribution (PSD) were also determined. A Grand Canonical
Monte Carlo (GCMC) or NLDFT kernel for CO, adsorption on carbon materials was used to

calculate the PSD between 0.35-1.50 nm [92].

Low-pressure Hz and D; (99.999% purity) adsorption/desorption isotherms were collected
with an Autosorb iQ3 gas sorption analyzer (Anton Paar QuantaTec) at 77 K and 87 K using 57
adsorption and 20 desorption points starting from 103 mbar to 1000 mbar. For the 77 K
measurements, a liquid N2 bath was used, while the same bath was coupled with a CryoSync

cryostat (Anton Paar QuantaTec) to reach 87 K.

High pressure H, adsorption/desorption isotherms (0 to 100 bar) were recorded using a
SETARAM Hy-Energy PCTPro-2000 manometric system and ultra-pure (99.999%) H, gas.
Excess H, adsorption isotherms were measured at 77 K using a liquid nitrogen bath. Each
sample, approximately 200 mg, was loaded into a stainless-steel sample holder and subjected
to degassing under high vacuum conditions (10°® mbar) at 250 °C for 12 h. Before each
measurement, the dead volume was determined through a series of volume calibrations
conducted at 303 K using ultra-pure (99.999%) He gas. Consequently, the dead volume at the
experimental temperature was determined by a reference volume calibration curve in order
to prevent potential calibration errors stemming from He adsorption at 77 K. The reference
curve was generated by conducting multiple volume calibrations at 303 K and 77 K using
varying quantities of a non-adsorbing material (non-porous glass) within the same sample

holder.
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3.1.3 X-ray Scattering

Small-angle X-ray scattering (SAXS) measurements were performed using a NanoStar
laboratory SAXS setup (Bruker AXS). The system featured an X-ray micro-source operating at
45 kV and 0.65 mA, producing Cu Ka radiation with a wavelength (A) of 0.1549 nm. A Vantec
2000 area detector was used to measure the SAXS signal. The isotropic 2D scattering patterns
were azimuthally averaged to derive the scattered intensity as a function of the scattering

vector length (g = 4w sin 8 /A, 26 being the scattering angle).

X-ray diffraction (XRD) measurements were carried out using a D8 Advance Eco instrument
(Bruker AXS). The setup included an X-ray sealed tube with a Cu anode operating at 40 kV and
25 mA, paired with an energy-sensitive LYNXEYE-XE detector. Data acquisition covered an
angular range (26) from 10° to 130°, with a step size of 0.01° and an exposure time of 1 second
per step, utilizing a zero-background sample holder. To mitigate air scattering effects,
measurements were also performed with an empty sample holder under identical conditions,

and the resulting background signal was subtracted from the sample data.

3.1.4 Chemical analysis

In the study outlined in section 4.1, regarding the UTL and OP samples, a Thermo Scientific
FlashSmart Elemental Analyzer was utilized to analyze the carbon, hydrogen, nitrogen, sulfur
and oxygen (CHNS/O) contents of the tea leaves and orange peel-derived samples.
Approximately 2.5 mg of sample powder was placed in a tin or silver cup for each
measurement, with 8-10 mg of vanadium pentoxide added as a catalyst. BBOT (2,5-Bis(5-tert-
butyl-benzoxazol-2-yl)thiophene) served as the standard for all measurements. The samples
underwent combustion in an oxygen atmosphere for CHNS analysis, while a He flow was

employed for pyrolysis to quantify the oxygen content.

For the study outlined in section 4.1, regarding the ACC and YP80-F, the CHNS-O analysis was
conducted on the samples both before and after sulfidation to determine sulfur and oxygen
content (measurements were performed by Volker Presser et. al.). The CHNS analysis was
performed using a Vario Micro Cube (Elementar). A standard amount of WO3 was added to

each sample during weighing. Samples were placed into tin boats, compressed to remove air,
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and directly loaded into the CHNS analyzer's autosampler. Calibration was carried out using
sulfanilamide standards provided by the manufacturer, with theoretical values of 16.26
mass% N, 41.85 mass% C, 4.68 mass% H, and 18.62 mass% S. The combustion tube was
operated at 1150 °C, and the reduction tube at 850 °C. Oxygen content was analyzed using a
rapid OXY cube (Elementar). Samples were weighed into silver boats, compressed to exclude
air, and then loaded into the O-analyzer's autosampler. Calibration was performed with
benzoic acid standards of varying weights, provided by the manufacturer, with a theoretical
oxygen content of 26.2 mass%. The daily calibration factor was determined by measuring
approximately 3 mg of benzoic acid five times prior to analysis. The pyrolysis temperature for

oxygen measurement was 1450 °C.
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3.2 Statistical analysis - Kendall Rank Correlation Coefficient

The statistical analysis and visualization of the correlation matrix were performed by Claus
Othmar Wolfgang Trost. Kendall’s 7, [93] is a non-parametric rank correlation coefficient,
meaning it does not require any assumptions about the distribution or linearity of the data. It
evaluates the relationship between two ranked variables, indicating the direction of the
correlation through positive and negative values—where positive values represent a direct
association, and negative values indicate an inverse relationship. The absolute value of
reflects the strength of the correlation, with values close to 0 signifying no correlation, while
values approaching 1 indicate a strong association. The correlations in this study were
computed using Kendall’s 7, as implemented in SciPy [94]. Kendall’s 7, is mathematically

defined as:

_ P-Q
b_J(P+Q+T)*(P+Q+U)

(3.1)

where:

e P represents concordant pairs (where both variables increase or decrease together),

Q represents discordant pairs (where one variable increases while the other decreases),

T accounts for ties in the first variable (x), and

U accounts for ties in the second variable (y).

If a tie occurs in both variables within the same pair, it is not included in either T or U. Kendall’s
TpWas selected over Spearman’s correlation due to its better suitability for small sample sizes.
To ensure meaningful p-values, a minimum of 10 samples is recommended [95]. Given the
limited dataset, the analysis was extended by incorporating additional parameters from
activated carbons reported in references [96] and [57]. Furthermore, Kendall’s 7, has been
shown to be less susceptible to Type | errors (incorrect rejection of a true null hypothesis) in

cases with small sample sizes [95].
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It is important to note that small p-values do not indicate a stronger correlation but rather
provide evidence of statistical significance (p < 0.05), meaning the observed correlation is

unlikely to occur under the assumption of parameter independence [95].

3.3 Grand-canonical Monte Carlo simulations

Grand-Canonical Monte Carlo (GCMC) simulations were performed by Nicholas Corrente using
the open-source RASPA2 software [97]. Forcefield parameters for the adsorbate and
adsorbent molecules are detailed in Table 6.7 of the Supplementary Information. H and D
molecules were modeled as Lennard-Jones (LJ) spheres with Feynman-Hibbs (equations (2.15)
and (2.16)) corrections to account for quantum effects. N2 and structural carbon were
modeled as LJ spheres. GCMC simulations were performed on each carbon model using 50000

MC cycles, with the latter 25000 cycles used for statistical averaging.
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3.4 In-situ small angle neutron scattering at the D16 instrument

Small-angle neutron scattering (SANS) experiments were conducted at the small momentum
transfer diffractometer D16 at the Institute Laue-Langevin (Grenoble, France) using a
wavelength of A = 0.447 nm. The neutron beam dimension at the sample position was shaped
by slits of (25%3) mm? (see Figure 3.3 (c)) and centered on the cylindrical aluminum sample
holder (EN AW-7049A) of an inner diameter of 6 mm, wall thickness of 0.5 mm and length of
66 mm (see Figure 3.4 (a)). The neutron beam intentionally under-illuminated the sample cell
to avoid edge scattering effects of the cell and for proper sample transmission measurements.

For the experiments associated with proposal number 1-04-218 (http://doi.ill.fr/10.5291/ILL-

DATA.1-04-218) and 1-04-235 (http://doi.ill.fr/10.5291/ILL-DATA.1-04-235), the of scattering

vector range (q = 4msin6 /A, 20 being the scattering angle) of 0.4-20 nm, was achieved
using 5 detector positions (see also Figure 3.3 (c)). for each SANS data set the data acquisition
time was 1 min for transmission measurements using an attenuator of the direct beam, 5 min
each for the first two, and 10 min each for the remaining three detector positions leading to
a total measurement time of roughly 45 min (including detector- and beam stop movement
and data saving). The SANS data were corrected for detector pixel efficiency and solid angle,
sample transmission, then radially averaged using and the empty aluminum cell scattering was
subtracted using the ILL's LAMP package [98]. For correction to absolute units, the incoherent
scattering of a Vanadium standard of the same thickness as the sample holder was measured
at the same conditions. Since the measured intensity from the Vanadium sample displayed
small-angle scattering at low g, and a slight increase of the intensity also for g > 10 nm, as
seen in Figure 3.2, the mean scattering intensity% was calculated in the interval 3< g <

10 nm™. The macroscopic differential scattering cross section of the sample was then

do I : I do . . . . .
calculated by (—) = TEASSATP e . (—) , with the differential scattering cross section
sample Imeas,v aaly

of vanadium (Z—;) = 0.029 cm™1.
v
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Figure 3.2: Comparison of the SANS signal from ACC as measured at D16 (blue) and the Vanadium corrected

signal, which shows a contribution for low scattering vectors. Thus the correction procedure outline in the text

was applied, whereas the orange box indicates the range for the calculation of L0455y

For the dataset associated with proposal number 1-04-242 (http://doi.ill.fr/10.5291/ILL-

DATA.1-04-242), the upgraded detector set-up at the D16 instrument was used (see Figure 3.3

(d)). This allowed to cover a g-range from 0.4-25 nm using three detector positions. The data

correction for transmission and merging was performed in the Mantid software package [99],

whereas the absolute units calibration was performed using a vanadium calibration standard.
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Figure 3.3: a) 1: Hidden Isochema IMI Sievert-apparatus equipped with low -pressure sensor, ranging from 0-1
bar with an accuracy of 0.2% of maximum pressure, 2: gas mixing station to achieve a zero scattering length
density gas mixture of H2 and Da. b) H2 and D2 gas containers with connection to the Hidden Isochema IMI Sievert-
apparatus. c) 1: neutron detector of the D16 instrument before the upgrade in 2022, 2: Orange cryo-furnace (1.5-
500 K) for cooling the sample to the temperature of interest. The accuracy of the temperature regulation during
the SANS data acquisition time was AT= +0.03 K. 3: slit-collimation and neutron beam entry. d) 1: neutron
detector of the D16 instrument after the upgrade, 2: Orange cryo-furnace, 3: slit-collimation and neutron beam
entry, 4: liquid nitrogen tank to refill the outer cooling layer of the orange cryostat. f) PhD-student attempting a
sample change on the sample stick (printed with permission from Malina Seyffertitz). g) sample stick with
mounted sample cell after removing from the cryostat. h) work safety instructor (Moldex) showcasing use of

personal protection equipment, while discussing SANS spectra measured at D16.

For the in-situ measurements, a Hidden Isochema IMI Sievert-apparatus equipped with low -
pressure sensor, ranging from 0-1 bar (with an accuracy of 0.2 % of maximum pressure), was
used to dose H; and D; (99.999 %) into the system We used an Orange cryo-furnace (1.5-500 K)
for cooling the sample to the temperature of interest, as shown in Figure 3.3 (c). The accuracy
of the temperature regulation during the SANS data acquisition time was AT= +0.03 K. Before
transferring to the aluminum sample cell to the cryostat, the samples were degassed for more
than 24 h at 250 °C under a vacuum of 103 mbar. After transfer, the sample void volume was
calibrated using 30 bar of He at room temperature, followed by a subsequent vacuuming step
for at least 1 h and cooling to analysis temperature. A measurement sequence consisted of

placing the powder sample into the cryo-furnace and vacuuming until the analysis
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temperature was reached (at least 1 h) and subsequent collection of the scattering signal of
the empty carbon sample. Subsequently, hydrogen was dosed in multiple steps to reach the
first desired pressure point, and an equilibration time of 15 min was waited to reach
equilibrium before starting the SANS measurement. This cycle continued until a pressure of
about 1000 mbar was reached, and the sample was placed under a vacuum for 1 h before
starting the next measurement sequence.

a) b)

Volumen = 1071,55
Kubikmillimeter

12,50

Druckstempel

-

Filter

45,00

—

Figure 3.4: a) Adapted powder sample holder (original ILL SANE) to ensure stable powder pouring density
throughout the experiments. The sample holder includes a screw-in plunger (red) to compact the sample. b)
sample holder mounted on the sample stick and connected to the cold-head. The wires are the Pt-elements for

accurate temperature reading of the sample cell and thus the powder.
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“There are two possible outcomes: if the result confirms the
hypothesis, then you've made a measurement. If the result is

contrary to the hypothesis, then you've made a discovery.”

-Enrico Fermi-



Results and Discussion

Results and Discussion

The postulate by Enrico Fermi shall guide the following presentation and discussion of the
results of the experiments and simulations performed within the framework of this thesis and
the last 4 years. In the previous section the experimental methods and the samples
investigated were outlined. Based on these methods, the following chapters introduce first
the basic characterization of nanoporous carbons and further introduces the results obtained
by scattering techniques. Furthermore, the influences on supercritical hydrogen adsorption in
selected carbon materials is discussed. In the last chapter the several aspects of the results
obtained by neutron scattering measurements performed at the small momentum transfer

diffractometer D16 are discussed.

4 Characterization of nanoporous carbons

In the earlier chapters the complexity of nanoporous carbons has been highlighted and several
characterization methods have been established within this scientific community. To
understand the hydrogen storage performance, it is important to have an in depth

understanding of the pore structure and chemical composition of the carbon materials.

4.1 Chemical composition

The chemical composition of nanoporous carbons, regarding carbon content and heteroatom
concentration varies significantly based on the used pre-cursor and activation method. The
chemical composition of the samples was determined by means of elemental combustion
analysis, which is limited to the detection of carbon, oxygen, nitrogen, hydrogen and sulfur.
Other techniques, like X-ray photoelectron spectroscopy (XPS), lack the ability to detect light
elements, like hydrogen, yet reveal the presence of heavier elements, like metals, which might
originate from the activation process. Nevertheless, the discussion within this thesis is based
on the aforementioned elements, as especially in neutron scattering the prevalent hydrogen

content is of importance.

The ACC material was synthesized from a viscose rayon cloth, which basic building block,

viscose rayon (CisH3,016), contains around 50 and 6 mass% of O and H, respectively, which is
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also reflected in the chemical composition of the carbon sample. The phenol-based MSP20-X
and the petroleum coke-based MSC-30 show a much lower O and H content [100]. The
coconut shell-derived activated carbon YP80-F has a comparable composition as the other

commercially available samples.

Table 4.1: Chemical composition of the nanoporous carbon samples based on the elemental combustion analysis.

Element Carbon Oxygen  Nitrogen Hydrogen  Sulfur Reference
(mass%) (mass%) (mass%) (mass%) (mass%)

ACC 70.2 26.3 1.6 1.9 n.d. [57]

MSC-30 95.0 3.99 0.3 0.55 - [100]

MSP20-X 95.5 3.37 0.11 0.25 - [100]

YP80-F 94.6 15 0.2 0.4 n.d. (VP)

UTLO 81.8 12.7 4.5 0.9 0.1

UTL1 91.3 5.1 1.0 2.6 n.d.

UTL2 92.4 4.6 0.3 2.7 n.d.

UTL3 91.3 53 0.3 3.0 n.d.

OPO 83.9 12.9 23 0.9 0.1

OP1 91.6 55 0.2 2.7 n.d.

OP2 91.8 5.2 0.0 2.9 n.d.

OP3 91.9 4.4 0.4 2.9 0.4

Orange peels are primarily composed of polysaccharides such as cellulose, lignin, and
hemicellulose, with a protein content of 3—6 mass% (wet basis) and a water content of around
50 mass% [101,102]. Fresh tea leaves share a similar composition but contain a higher protein
content, reaching up to 15 mass% in dried tea leaves [103]. This difference is reflected in the
nitrogen content of the pre-carbonized samples, with UTLO containing 4.1 mass% nitrogen

compared to 2.1 mass% in OPO (see Table 4.1). After the initial pyrolysis step at 800°C with a
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C:KOH ratio of 1:1, the carbon content increases from 74.2 to 89.1 mass% in UTL1 and from
77.9 to 89.9 mass% in OP1. Concurrently, the oxygen content—primarily derived from the
polysaccharide backbone—decreases by approximately 50% in both precursor materials due
to reactions with carbon. This shift is attributed to more complete carbonization and the
removal of oxygen-rich volatile compounds (e.g., water vapor, carbon dioxide, methane,
acetic acid, and methanol) at high temperatures. As the KOH ratio increases, nitrogen content
systematically declines, dropping from 4.1 mass% in UTLO to 0.3 mass% in UTL2 and UTL3, and
from 2.1 mass% in OPO to undetectable levels in OP2. This decrease likely results from
enhanced interactions between KOH and nitrogen-containing carbon structures, leading to

the release of nitrogenous gases such as N,, HCN, and NH3 [104,105].

Hydrogen content follows an increasing trend with rising KOH ratios, from 0.8 mass% in UTLO
t0 2.7 mass% in UTL3, and from 0.8 mass% in OPO to 2.8 mass% in OP3. This trend is attributed
to hydrogen gas formation during KOH activation, primarily driven by the water-gas shift
reaction (CO + H,O = CO, + H,) and the water-gas reaction (C + H,O = CO + H,) [106]. As KOH
interacts with carbon, the released hydrogen gas may adsorb onto the carbon surface, leading

to the formation of hydroxyl (-OH) and other hydrogen-containing functional groups.

Sulfur is either absent or present in trace amounts, with a slight increase to 0.4 mass%
detected in OP3. The residual mass after combustion analysis, representing inorganic
elements and ash content, is measured at 9.2% and 11.0% for UTLO and UTL3, and 7.1% and
11.6% for OPO and OP2, respectively. These residues are likely associated with naturally
occurring inorganic mineral deposits, such as cystoliths (CaCQ3), in the raw plant material or
residual minerals from the KOH activation process that were not entirely removed by washing
with 1M HCI. Due to the small quantity of remaining material, further chemical

characterization of these combustion residues was not performed.
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4.2  Nanopore structure — Gas sorption analysis

The pore structure characteristics can be evaluated from gas sorption analysis, as outlined in
section 2.1, where different adsorbates and analysis methods provide a comprehensive
understanding of the materials' porosity. The CO, adsorption isotherms, shown in Figure 4.1
(a), and the corresponding pore size distributions (PSDs) derived using the GCMC slit-pore
kernel on CO, adsorption data [92], presented in Figure 4.1 (c), allow for the characterization
of ultramicropores. Meanwhile, the N, adsorption isotherms at 77 K, depicted in Figure 4.1
(b), along with their respective PSDs obtained using the N,-carbon QSDFT slit-pore kernel [20]
in Figure 4.1 (d), provide insight into the presence of larger micropores and small mesopores.
Table 4.2 summarizes the structural parameters derived from the CO, and N, isotherms,
including specific surface area, total specific pore volume, specific volumes of the three pore
classes, and mean pore width. Micropores, comprising both super- and ultramicropores, are

crucial in defining the adsorption properties of the materials.

For ACC, the CO, adsorption isotherm reveals a well-developed microporous structure, with a
dominant ultramicropore size of approximately 0.7 nm. The PSD derived from GCMC analysis
confirms two distinct peaks, reflecting a significant presence of micropores, particularly in the
ultramicropore range. The N, adsorption isotherm, classified as Type I(b) according to IUPAC
[13], exhibits a steep uptake at low pressures (P/Po < 0.1), indicative of strong gas-solid
interactions in narrow micropores. The QSDFT-derived PSD confirms that the majority of the
pore volume is attributed to micropores, with only a minor fraction of small mesopores (~2.5

nm). ACC has the lowest overall surface area among the studied materials.

MSC-30, in contrast, displays a broader pore size distribution, with a slightly larger average
micropore size (~0.85 nm) and higher micropore volume compared to ACC. The CO,
adsorption confirms the presence of both ultramicropores and supermicropores, with the
latter being more dominant than in ACC. The N, adsorption isotherm follows a Type I(b) profile,
confirming a primarily microporous structure with minor mesoporosity. The QSDFT-derived
PSD presents a bi-modal distribution, with peaks in both the micropore and small mesopore
ranges, supporting an increased mesopore volume that enhances gas accessibility at higher

pressures.
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MSP20-X exhibits the highest CO, surface area, indicating an exceptionally well-developed
microporous network. The CO, adsorption isotherm suggests a dominant ultramicropore size
of 0.71 nm, with a significantly larger fraction of ultramicropores (~0.6 nm) compared to MSC-
30. The N, adsorption isotherm follows a Type I(b) classification, with a steep uptake at low
pressures and a plateau at higher relative pressures, confirming its predominantly
microporous nature. The QSDFT-derived PSD further reinforces this observation, showing that

nearly all pore volume is confined to micropores, with minimal mesoporosity.

YP80-F, in contrast, has the lowest CO, uptake among all samples, indicating the smallest
ultramicropore surface area and total micropore volume. The CO,-derived mean pore size
(~0.79 nm) suggests a slightly broader micropore distribution than MSP20-X but still within
the ultramicropore range. The N, adsorption isotherm follows a Type I(b) classification, but
the more gradual pore filling mechanism suggests a wider micropore size distribution.
Additionally, YP80-F displays a small H4 hysteresis loop with a closure point at P/Po ~0.4, likely
due to cavitation-induced evaporation from mesopores. Unlike the other materials, YP80-F
does not exhibit a clear saturation plateau at high pressures, suggesting the presence of
macropores (>50 nm) and/or adsorption on external surfaces. The QSDFT-derived PSD
confirms higher mesopore surface area and total pore volume compared to MSP20-X, with a
larger mean pore size (~1.16 nm). Overall, the analysis of the adsorption isotherms and PSDs
highlights substantial differences in pore structures among the materials. While ACC and
MSP20-X predominantly feature microporous architectures, MSC-30 and YP80-F exhibits a

broader pore size distribution that extends into the mesoporous regime.
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Figure 4.1: Gas sorption measurements of the ACC, MSC-30, MSP20-X and YP80-F activated carbon powders: a)
CO: adsorption isotherms collected at 273 K, b) N2 adsorption isotherms collected at 77 K, c) PSD obtained from
the CO2 adsorption isotherms using the GCMC slit-pore kernel and d) PSD obtained from the N2 adsorption

isotherms using the QSDFT slit-pore kernel.

Figure 4.2 (a) and (c) display the N, adsorption isotherms recorded at 77 K for the UTL and OP
samples, respectively. The non-activated samples, UTLO and OPO, show minimal N, uptake,
indicating the absence of open porosity. In contrast, activated samples exhibit a significant
increase in N, uptake with higher amounts of activation agent, reflecting the development of
nanoporous structures. All samples show Type | isotherms, classified as I(a) for most samples
and I(b) for UTL3 and OP3, according to the International Union of Pure and Applied Chemistry
(IUPAC) standards for microporous materials (<2 nm pore width) [13]. Some samples also
exhibit small Type H4 hysteresis loops, particularly UTL1, UTL2, and OP1, indicating the
presence of ink-bottle-shaped pores with neck sizes smaller than 4-5 nm. The hysteresis

closure point around P/Pg = 0.45 suggests cavitation-induced N, evaporation [13]. A slight
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increase in N, uptake near P/Py = 1 corresponds to adsorption on the external surface or

condensation in macropores.
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Figure 4.2: Gas sorption measurements of the UTL and OP samples. a) and c): N2 adsorption and desorption
isotherms collected at 77 K. b) and d) respective PSD obtained from the N, adsorption isotherms using the QSDFT

slit-pore kernel. Reproduced from accepted manuscript [107]: International Journal of Hydrogen Energy, Elsevier.

UTL3 shows the highest N, uptake among all samples and displays a distinctive sloped I(b)
isotherm, differing from the isotherms of UTL1 and UTL2. The Quenched Solid Density
Functional Theory (QSDFT) slit-pore kernels applied to the adsorption branches enabled the
calculation of the pore size distribution (PSD), as shown in Figure 4.2 and Figure 4.2. With
increasing KOH content during activation, the PSD shifts toward larger pore sizes. For UTL
samples, the mean pore size (dsg) increases from 0.86 to 1.75 nm, while for OP samples, it

increases from 0.67 to 1.17 nm.

The specific surface area and micropore volume initially increase with higher activation agent

levels, but further activation leads to a decline in microporosity due to the growth of small
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mesopores, as observed in UTL samples. For OP samples, the micropore surface area follows
a similar trend, but the micropore volume remains constant. Parameters derived from the gas
sorption analysis are summarized in Table 4.3 providing detailed insights into the structural

evolution of the materials with increasing activation levels.
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Table 4.2: Pore structure characteristics of the ACC, MSC-30, MSP20-X and YP80-F material obtained from the CO2 and N: adsorption isotherm using the GCMC and QSDFT

slit-pore kernel, respectively.

dA,NZ(m

(nm)

dso (dys — d75)™

(nm)

0.84

0.89 (< 0.6 - 1.4)

1.27

1.48 (0.9-1.9)

0.84

0.82 (0.67-1.18)

Material Seemecoz® Veeme,co2™
(m?/g) (cm*/g)
ACC 1070 0.38
MSC-30 1242 0.53
MSP20-X 1455 0.56
YP80-F 957 0.38

1.16

1.38 (0.86-1.77)

(a) Specific surface area (SSA), (b) specific pore volume (SPV) and (c) average pore width of slit pores calculated with ZZ

—GCMCLO2 55 obtained from CO2 adsorption using the

GCMC slit-pore kernel. (d) SSA obtained by the multi-point BET methods using the N2 adsorption branch. (e) SSA obtained from the N2 adsorption isotherm using the QSDFT

slit-pore kernel. (f)-(h): SSA of meso-, micro- and ultramicropores, respectively. (i) SPV obtained from the N adsorption isotherm using the QSDFT slit-pore kernel. (j)-(I): SPV

of meso-, micro- and ultramicropores, respectively. (m) average pore width of slit pores as obtained from N2 adsorption using the QSDFT slit-pore kernel and (n) volume-

weighted median of the pore size (d50) and the corresponding 25th and 75th percentile (d25 and d75, respectively) derived from the cumulative pore volume distributions

based on the QSDFT method.
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Table 4.3: Pore structure characteristics of the UTL and OP samples obtained from the N2 adsorption isotherm using the QSDFT slit-pore kernel.

Material Seer'®  Sosprrnz2® Sy ® S @ Sy ™ Vosprr " V¥ /A Vi © danz™  dsg (dgs — d7s5)™
(m?/g) (m?/g)  (m’/g) (m?/g) (m?/g) (cm’/g) (cm/g) (cm’/g) (cm®/g)  (nm) (nm)

UTLO 5 - - - - - - - - - -

UTL1 2008 2045 44 853 1148 0.91 0.13 0.46 0.32 0.89 0.86 (na-1.39)
uTL2 2378 2201 77 1211 914 1.13 0.20 0.68 0.25 1.03 1.06 (0.75-1.64)
UTL3 2814 2135 448 1336 350 1.57 0.62 0.86 0.09 1.47 1.75(1.10-2.38)
OPO 3 - - - - -

OoP1 1700 1926 17 477 1433 0.70 0.06 0.23 0.63 0.72 0.67 (na -0.93)
0oP2 2218 2145 27 1108 1011 0.91 0.04 0.59 0.87 0.85 0.87 (0.66-1.26)
OoP3 2417 2121 117 1242 762 1.10 0.15 0.74 0.95 1.04 1.17 (0.80-1.67)

* Same legend applies as outlined in the table above
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4.3 Atomic and nanostructure — SAXS and XRD

The pore structure of nanoporous carbons might be idealistically described by an
accumulation of slit-shaped pores as assumed in the PSD models used in gas sorption analysis.
Another method to distinguish intricate differences of the pore structure, regarding size and
shape, of different samples is possible by the utilization of SAXS. In earlier chapters it was
outlined that a clear discrimination between the smallest pore sizes and the scattering
(diffraction) from atomistic structures is not unambiguous. For this reason, in addition to the
SAXS measurements also XRD measurements help to identify those differences between the
samples. Figure 4.3 8a) shows the SAXS pattern obtained from the first set of samples, namely
ACC, MSC-30, MSP20-X and YP80-F. All samples show a power law behavior in the low-q
regime, originating from the carbon particle surface. For the ACC material the slope traverses
into a constant plateau and further shows an infliction point 0.7 nm-2, which is characteristic
for a scattering contribution of pores. The same can be observed for the MSP20-X material,
yet at much higher g-values, whereas for the MSC-30 and YP80-F material no clear constant
plateau is observed. Given the crude approximation D = m/q, the size of the pores
contributing to the scattering gives ~ 4 nm for the ACC material, which is in the mesopore
range also reflected in the PSD. The absence of a clear plateau can be related to the presence
of mesopores of similar size. At higher scattering vector the ACC material shows another
infliction point 3 nm, which is associated with the scattering from micropores of size ~1 nm.
It becomes evident that the inflection point for ACC, MSC-30 and MSP20-X is roughly at the
same g-position, yet the size of the pores contributing in this regime is quite different. In order
to evaluate the mean pore size from SAXS the correlation length T was calculated according
to equation (2.56). The Porod constant P was evaluated from a linear fit of the I(q) - g* vs. g*
in the g-range of 7 < q < 8.2 nm', whereas the integrated intensity [ was calculated from the

respective Kratky-plot and extrapolation to infinity. Using the pore volumes obtained from the

VospFT

QSDFT slit pore kernel, the volume fraction of pores was calculated with ¢ = T ——yP—
QSDFT skel

assuming a skeletal density pgie; of 1.9 g/cm? for all samples. The calculated pore chord
lengths L, as well as the correlation lengths are summarized in Table 4.4. The MSP20-X

material has the lowest [,,, which is in the same range as the average pore size obtained by
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the QSDFT analysis. For the ACC, MSC-30 and YP80-F samples, L, is larger than the respective
d4 n» value, which might be related to an underestimation of the pore size due to the idealistic

assumption of slit-shaped pores in the QSDFT analysis.

a) . b)

Intensity (a.u.)
Intensity (a.u.)

0.1 1 10 10 20 30 40 50 60
q (nm™) q (nm™)

Figure 4.3: a) SAXS and b) XRD patterns measured for the ACC, MSC-30, MSP20-X and YP80-F material.

The XRD patterns in Figure 4.3 (b) show three distinct peaks. The first peak, the (002)-stacking
reflection at ~17 nm™", originates from the stacking of small graphene-like carbon sheets. The
broadness of this peak indicates the degree of order perpendicular to the graphene sheets.
For the ACC and YP80-F material this reflection is more pronounced than for the MSC-30 and
MSP20-X material. The second and third peaks, attributed to the (10)- and (11)- in-plane
reflections, appear at ~30 nm™ and ~52 nm™, respectively. These peaks are sharper and more
pronounced than the (002) reflection, indicating a higher degree of in-plane ordering. To
derive the lattice parameters of the underlying atomistic structures, the (002) stacking and
(10) in-plane diffraction peaks were fitted using a Gaussian and pseudo-Voigt function,

respectively. The interlayer spacing and the in-plane lattice parameter were calculated from

the peak positions using dgoz) = 2" anda respectively. The out-of-plane (L)

4w
q(002) @'Q(m)’

and in-plane (L,) correlation lengths were determined using the Scherrer equation L., =

21

K.a [108,109], where K. = 1, K, = 1.84 and [(g¢2),(01) is the respective full width

. T'(002),c01)
at half maximum of the fitted peak . From L. and the lattice parameter d (), the average
number of stacked carbon sheets N.was estimated [110]. A summary of the structural
parameters derived from the XRD data is provided in Table 4.4. The in-plane lattice parameters

of all samples are around 0.24 nm, which is in good agreement with the lattice parameter of
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graphite being 0.246 nm. The interlayer spacing of the MSC-30 samples is the highest, which

is related to the broadness of the (002)-reflection.

The scattering patterns of the second set of samples are shown in Figure 4.4. The SAXS
patterns for the samples displayed in Figure 4.4 (c) and (d), show a In the, a characteristic
power-law decrease in the low- g region, which is again attributed to the rough external
surface of individual carbon particles [73,111]. For the non-activated samples, a subtle hump
around g =~ 3 nm™Lis visible, suggesting electron density inhomogeneities on a length scale
of approximately t/q = 1 nm. This feature is tentatively linked to micropores, although it
could also arise from nanoscale structures related to the original plant material that survived
the 450°C pre-carbonization process. Since N, adsorption measurements show no evidence of
porosity in these samples (see Figure 4.4 (b) and (d), any nanoporosity must stem from closed
micropores [112,113].

The intensity forg > 1 nm™?

in the non-activated samples is considerably lower than in the
activated samples, suggesting a minimal presence of (closed) nanoporosity prior to activation.
In contrast, the activated samples exhibit a significant increase in intensity, which aligns
qualitatively with the rise in pore volumes observed in the N, adsorption isotherms (Figure 4.4
(c) and (d)). The hump around g ~ 3 nm ™! becomes more pronounced after activation but
remains at the same g-position, indicating that these features arise from similar nanometer-
scale structures. Significant changes in the scattering patterns are observed at higher
activation ratios, particularly for UTL3, OP2, and OP3. These samples show a strong intensity
increase in the mid- g region (g =& 1 nm™1), with UTL3 exhibiting an additional hump. This

feature likely corresponds to mesopores, aligning well with the pore size distribution (PSD)

obtained from N, adsorption studies.

To quantify the characteristic pore length scales, the mean chord length (T') was calculated as
described previously. Using the porosity of each sample, the mean chord lengths for the pores
(L,) and the carbon phase () were derived and are summarized in Table 4.4. The values of [,
increase with higher activation levels, consistent with the PSD trends from N, adsorption
(Figure 4.2 and Table 4.3). However, the absolute [, values are smaller than the pore widths

obtained from gas sorption for several reasons. First, ultramicropores (<0.7 nm) are not
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effectively captured by N, sorption at 77 K [114], and these pores are likely present in
significant amounts in these bio-derived carbons, explaining the smaller mean pore sizes from
SAXS. Second, the mean chord length is influenced by pore shape and cannot be directly
equated to pore widths derived from sorption analysis, which typically assumes slit-like pores
[111]. Lastly, a fraction of closed pores, as indicated by the SAXS data for the non-activated

samples, could contribute to discrepancies between SAXS and sorption results.

Unlike [,,, the chord length of the carbon phase (l.) decreases with increasing activation,
reflecting the progressive "burn-off" of carbon, which leads to thinner pore walls on average.

This trend is consistent with the structural evolution of the carbon matrix during activation.

a) b)
T j . —UTL3 4
UTLS ] —um2
—UTL2 —_—UTL1
—, —UTLO
- —uTLo —
= 33
8 8
2 2
g 3 2
] 2
= = /Wm
1 1o 10 20 a0 40 50 60
q (nm™) q (nm™)
c) d)
A- —
S 3 3
© o
S T
£ Z
27 2 7
2 2
c [~
11 1IG 1’0 2‘0 ?;U 4‘0 5‘0 60
q (nm") g (nm)

Figure 4.4: a) and c) SAXS and b) and d) XRD patterns measured for the UTL and OP samples, respectively.

Reproduced from accepted manuscript [107]: International Journal of Hydrogen Energy, Elsevier.

Figure 4.4 (b) and (d) present the X-ray diffractograms, highlighting three broad diffraction
features alongside a few sharp reflections, likely originating from residual mineral particles in

the biomass [90,91] or remnants of the activation procedure. The (002) stacking reflection at
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~17 nm™ corresponds to the stacking of small graphene-like carbon sheets. The significant
broadening of this peak indicates a highly disordered structure with only a few stacked layers
on average. Two additional broad peaks, at ~30 nm™"and ~52 nm™, are attributed to the (10)-
and (11)- in-plane reflections of sp? carbon, respectively [108,110]. These peaks, although
more pronounced than the (002) reflection, are also broad, reflecting limited in-plane ordering.
The absence of mixed (hkl) index reflections suggests turbostratic ordering, characteristic of a
structure lacking true 3D crystallinity. The XRD results, along with structural parameters
derived from SAXS, are summarized in Table 4.4. The distinct reflections observed in the non-
activated samples, as well as in OP2 and UTL3, indicate the presence of residual inorganic
components. These may originate from heterogeneously distributed mineral phases, such as
cystoliths (CaCOs), naturally occurring in the original biomass. This suggests that the washing
process may have been insufficient and that a more rigorous chemical treatment, potentially
using a higher molarity HCl solution, could improve the removal of residual mineral species.
that were not fully eliminated during the chemical treatment. A definitive identification of the
crystalline structures was not possible. However, the detected peaks show some correlation

with KOH, K2C03, KOz, SiOz, CaCO3, Ca(OH)z, and CaC|2.
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Table 4.4: Structural parameters derived from XRD and SAXS, for all samples investigated.

Material a;o® Laxro®  dioon)® L,© N,© o T (@ L,® 1,0
(nm) (nm) (nm) (nm) (-) (-) (nm) (nm) (nm)
ACC 0.24 1.76 0.39 1.09 2.8 0.53 0.53 1.11 0.99
MSC-30 0.24 1.43 0.45 1.25 2.79 0.75 0.35 1.41 0.47
MSP20-X 0.24 1.42 0.40 0.44 1.10 0.61 0.35 0.89 0.57
YP80-F 0.24 1.92 0.39 0.91 2.37 0.68 0.52 1.62 0.76
uTLO 0.22 0.97 0.36 0.42 1.15 - 0.38 - -
UTL1 0.23 1.49 0.38 0.82 2.15 0.63 0.34 0.92 0.53
UTL2 0.23 1.48 0.40 0.69 1.74 0.68 0.33 1.02 0.48
UTL3 0.23 1.17 0.43 0.48 1.13 0.75 0.37 1.46 0.49
OPO 0.18 0.76 0.36 0.35 0.96 - 0.29 - -
OP1 0.23 1.38 0.39 0.78 1.99 0.57 0.34 0.79 0.59
OP2 0.23 1.38 0.39 0.71 1.82 0.63 0.32 0.86 0.50
OP3 0.23 1.41 0.40 0.85 2.13 0.68 0.33 1.04 0.49

(a) in-plane lattice parameter, (b) in-plane correlation length, (c) interlayer spacing, (d) out of-plane correlation
length, (e) number of stacked graphene sheets, (f) volume fraction of pores, (g) correlation length obtained from

SAXS, (h) average chord length of the pores and (i) average chord length of the carbon matrix.
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5 Influences on the hydrogen storage performance

5.1 Structure and chemical composition

Figure 5.1 (a) and (b) present the fully reversible low-pressure (0—1 bar) H, isotherms at 77 K.
All activated samples achieve H, uptake exceeding 2 wt.% under these conditions, while non-
activated samples show negligible uptake due to the absence of open porosity. Within both
sample series, the materials with the highest KOH ratio exhibit the lowest H, uptake. The
isotherms lack a clear sorption plateau and exhibit fully reversible behavior upon desorption.
UTL3 displays notably lower low-pressure H, uptake compared to UTL1 and UTL2. As indicated
by the PSD analysis from N, adsorption (Fig. 2b), the smallest micropores (<1 nm) slightly
enlarge with increasing KOH ratios. Additionally, SAXS-derived pore chord-length ([,) is
smaller for UTL2 than for UTL3. A similar trend is observed for OP samples, suggesting that the
smallest micropores primarily govern low-pressure H, uptake due to the overlapping potential

fields of opposing pore walls.

Figure 5.1 (c) and (d) illustrate the fully reversible high-pressure (0—100 bar) H, isotherms. In
this regime, the trend reverses, with materials having higher KOH activation ratios showing
greater H, uptake, peaking at approximately 30—40 bar. This outcome aligns with expectations,
as larger pores provide additional space for accommodating H, molecules, which becomes
critical at pressures exceeding atmospheric levels. The decline in adsorbed H, after reaching
the uptake maximum is attributed to bulk gas compression effects [115]. Samples with
significant amounts of larger pores, such as UTL3 and OP3, exhibit a lower decrease in

adsorbed H, compared to samples with fewer large pores, such as OP1 and OP2.
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Figure 5.1: (a) and (b) Gravimetric H2 uptake versus pressure up to 1 bar measured at 77 K for the UTL and OP
samples, respectively. Full symbols represent the adsorption isotherms, and open symbols the desorption
isotherms. (c) and (d) Excess H2 uptake at 77 K up to 100 bar. Reproduced from accepted manuscript [107]:

International Journal of Hydrogen Energy, Elsevier.

Gravimetric capacities at both low and high pressures are summarized in Table 5.1. The
highest H, uptakes, 5.24 wt.% and 5.29 wt.%, were recorded at around 30 bar for OP3 and
UTL3, respectively. These values represent some of the highest reported uptakes for biomass-
derived activated carbons, particularly those derived from orange peel and used tea leaves
[10,116]. Comparable H, uptakes ranging from 4.6-5.9 wt.% have been reported for other
biomass-derived activated carbons, such as those from coffee waste and glucose, as shown in

Table 5.2 [96,117].
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Table 5.1: Maximum excess Hz uptakes at different pressures and 77 K for the UTL and OP samples. Reproduced

from accepted manuscript [107]: International Journal of Hydrogen Energy, Elsevier.

Material Excess Hz uptake at 77 K
(wt.%)

1 bar Max. uptake
uTLO 0.14 -
uTL1 2.51 4.44 (33 bar)
uTL2 2.71 4.83 (30 bar)
uTL3 2.61 5.29 (34 bar)
OPO 0.00 -
OP1 2.57 4.06 (33 bar)
OP2 2.80 4.78 (25 bar)
oP3 2.78 5.24 (30 bar)

To further investigate the influence of structural and chemical parameters on hydrogen
adsorption across different pressure ranges, a comparative statistical analysis was conducted
Kendall’s rank correlation coefficients (Figure 5.2), as outlined in section 3.2, were used to
construct a correlation matrix, identifying interdependencies between the measured
parameters. The dataset was comprised of eleven samples, with eight presented being the
ULT and OP samples, one the ACC sample and two additional samples investigated in a
previous study (Master’s thesis) [57,89,96]. The corresponding pore characteristics and H;

uptakes are summarized in Table 5.2.
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Table 5.2: Comparison of the pore structure characteristics and maximum excess gravimetric Ha2 storage
capacities (Cg) at 77 K and pressures from 1-140 bar of selected activated carbon materials reported in literature.

Reproduced from accepted manuscript [107]: International Journal of Hydrogen Energy, Elsevier.

Precursor T P SgeT Viot Cg Ref.
(K] [bar] (m?/g) (cm*/g) [wt.%]

Bamboo 77 1 1220-2150 0.4-0.5 2.0-2.3 [118]
Glucose derived 77 100 2140-2550 1.1-2.0 4.6-5.0 [117]
Orange peel 77 10 1000-1400 0.3-0.4 2.3-3-3 [10]
Tangerine peel 77 30 <1250 - 0.9-1.7 [116]
Coconut shell 77 1/47 2482 1.1 2.2/4.52 [11]
Coffee Waste” 77 1/35 2990-3330 1.2-1.6 2.7-2.8/5.4-5.9 [96]
ACc@?’ 77 1/72 1318 0.6 1.6/3.1 [57,89]
Orange peel” 77 1/25-33 1700-2400 0.6-1 2.6-2.8/4.1-5.2 This work
Tea leaves” 77 1/30-34 2000-2800 0.1-1.6 2.5-2-6/4.4-5.3 This work

(a): Activated carbon cloth (ACC) based on viscose rayon. The low- and high pressure H; isotherm, as well as the
chemical analysis were taken from Ref. [57,89]. *Activated carbon materials used as input to calculate Kendall’s
ranked coefficient matrix.

In Figure 5.2, the chemical composition has been normalized to the heteroatom-to-carbon
ratio to account for variations in carbon content across samples. The statistical analysis
included parameters derived from gas sorption analysis, specifically median pore width (dso),

as well as surface areas and pore volumes associated with ultramicropores (<0.7 nm),

supermicropores (0.7-2 nm), and mesopores (>2 nm), following IUPAC recommendations [13].

Hydrogen uptake values at 250, 500, 750, and 1000 mbar, as well as 5 and 10 bar, were used
as input data, alongside the maximum recorded uptake. In Figure 5.2, positive correlations
(shaded in red) indicate that an increase in a given parameter enhances H, uptake at a specific
pressure, whereas negative correlations (shaded in blue) suggest that an increase in the

parameter results in lower H, uptake.
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Figure 5.2: Kendall’s rank correlation coefficients matrix based on the surface chemistry and pore structure
parameters obtained for the activated samples and their influence on the cryogenic (77 K) Hz uptake at different
pressures. The dataset consists of 11 samples, of which 9 include chemical analysis (O/C, N/C, H/C). The size of
the correlation is indicated via the upper value in each box, the corresponding p-value is placed in brackets below,
all values are rounded to two decimal places. All p-values < 0.05 represent statistically significant correlations.

Reproduced from accepted manuscript [107]: International Journal of Hydrogen Energy, Elsevier.

Based on Kendall’s rank correlation coefficients, our analysis confirms that micropore volume
(Vo.7—2 nm) and total surface area (Sggr) are the most significant predictors of hydrogen
uptake, particularly at higher pressures. The strongest positive correlations appear between
H> uptake at 5-100 bar and micropore surface area (S 7_» nm), highlighting that pores in the
range of 0.7-2 nm serve as the primary adsorption sites. Additionally, the total pore volume
(Vosprr) exhibits a positive correlation, indicating that as pressure increases, an expanded

cumulative pore volume enhances hydrogen storage capacity.

At low pressures (<1 bar), ultramicropores (<0.7 nm) demonstrate a moderate to strong
correlation with H, uptake, consistent with the potential overlap of opposing pore walls, which
promotes gas densification [57,58]. However, as pressure increases, ultramicropores become

less effective, and their correlation with H, uptake diminishes significantly. This suggests that
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while ultramicropores dominate adsorption at low pressures, their storage capacity saturates
quickly, requiring additional adsorption in larger micropores and small mesopores at higher
pressures. The negative or weak correlation between H, uptake at high pressure and
ultramicropore surface area (S<g7nm) supports this interpretation. Previous studies by
Davoodi et al. found that mesopores play a secondary role in H, uptake, becoming relevant
only at very high pressures [119]. However, this trend is not statistically significant in Figure
5.2, as mesopore volume (Ss, ,m) shows a slightly negative correlation with low-pressure
hydrogen uptake. The correlation analysis further shows that Sz is strongly linked to H,
uptake across all pressures, though its influence varies depending on pressure. At low
pressures, the correlation is weak and not statistically significant, reinforcing the notion that
surface area alone is not sufficient to predict uptake in the ultramicropore regime. However,
at higher pressures, the correlation becomes statistically significant and highly positive,
demonstrating that larger surface areas, particularly those composed of microporous
networks, are crucial for maximizing hydrogen adsorption at elevated pressures. These
findings align with those of Nguyen et al. [120], [who identified Sggr and Sy 7_2 nm as the

strongest predictors of H, uptake using Pearson correlation analysis.

Beyond textural properties, the elemental composition of porous carbons plays an essential
role in adsorption behavior. Our analysis finds no statistically significant correlation between
oxygen content (O/C ratio) and hydrogen uptake, contradicting the results of Kusdhany et al.
[121], who reported a positive correlation between oxygen content (8—12 wt.%) and H, uptake
based on SHAP analysis (SHapley Additive exPlanations) [122] in machine learning models,
suggesting that moderate oxygen functionalization enhances storage capacity. However,
Davoodi et al. [119] observed a weaker correlation, aligning with the idea that oxygen’s role
in H, storage may be highly dependent on pore size and/or pressure. The analysis also
identifies a statistically significant negative correlation between nitrogen content (N/C ratio)
and hydrogen uptake, particularly at 750—-1000 mbar, suggesting that nitrogen incorporation
does not enhance physisorption despite previous studies proposing N-doping as a strategy for
improving adsorption in nanoporous carbons [123]. However, due to the small sample size
and limited variation in chemical composition, our ability to resolve subtle heteroatom doping

effects may be constrained. Theoretical studies have suggested that N- and O-doping can
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enhance H, uptake by introducing additional binding sites and modifying the electronic

environment of the adsorbent [123,124].

Regarding hydrogen content (H/C ratio), our analysis finds no statistically significant
correlation with H, uptake, suggesting that hydrogen functionalities in the carbon matrix do
not significantly influence adsorption performance. This result aligns with Kusdhany et al.
[121], who reported only a weak interaction between H-content and adsorption capacity,
reinforcing the idea that textural parameters outweigh chemical composition in determining

H, storage efficiency.

These findings reinforce the widely accepted understanding that microporosity (0.7—-2 nm)
and total surface area are the dominant factors governing H, uptake, while heteroatom doping
does not exhibit a strong direct correlation with adsorption performance. However, due to
the limited dataset size and relatively small variations in chemical composition, further
controlled doping experiments are required to systematically explore the influence of nitrogen
and oxygen functionalities. To address these uncertainties, future studies should incorporate
precisely controlled heteroatom doping experiments, systematically varying O and N contents
while maintaining constant pore structures. This approach would allow for a clearer
distinction between direct electronic effects and indirect structural modifications, leading to

a more detailed understanding of heteroatom-induced effects on H, adsorption.
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5.2 Isotope specific adsorption

Apart from the influences of structural and chemical properties of nanoporous carbons, the
intricate properties of the adsorbate influences the achievable adsorption capacity. Thus, in
the following the isotope specific adsorption of H, and D, will be discussed. Figure 5.3 (a) and
(b) presents the fully reversible H, adsorption isotherms measured at 77 K using two different
manometric gas sorption analyzers. Both setups yielded consistent hydrogen uptake results
as a function of pressure for the ACC and MSC-30 sample, despite differences in experimental
conditions. The neutron scattering setup with the Hidden Isochema instrument (Figure 5.3 (b))
involved a larger sample cell volume and a temperature gradient from room to cryogenic
temperatures, while the laboratory Quantachrome instrument (Figure 5.3 (b)) offered a more
optimized setup. For the MSP20-X and the YP80-F sample the uptakes using the in-situ set-up
over- and underestimate the H, uptake compared to the laboratory instrument, respectively.
This might be attributed to insufficient equilibration time in the one case and an
overestimated sample mass in the other case. The sample mass of YP80-F in the cold volume
of the sample stick might have changed, due to powder elutriation during the prior performed
vacuuming and the absence of the stamp depicted in Figure 3.4. Thus, the quantitative analysis
presented in the following of those two samples shall be taken with a grain of salt.
Nevertheless, a comparison to the isotherm collected with D, between the samples is possible
as both are accompanied by the same source of error. The isotherms exhibit a monotonic
increase with pressure, with D, showing slightly higher molar uptake than H,. The average
D,/H, uptake ratio for ACCis 1.16 at 77 K. While isotope-dependent uptake has been reported
previously, the ratios observed here at 77 K are higher than those in prior studies (1.082 in
[125] and 1.063 in [126]). This discrepancy may arise from differences in micropore volume,

as the ACC material has a micropore volume of 0.5 cm3/g compared to 0.2 cm3/g in Ref. [125].

Quantum effects are likely to contribute to these differences in uptake. When the thermal de
Broglie wavelength approaches the difference between the pore diameter and the molecular
kinetic diameter [59,125,127], the zero-point energy variations between isotopes, due to their
mass difference, play a significant role. Estimated D,/H, uptake ratio for a pore diameter of

0.64 nm—the approximate average size of ultramicropores in the ACC sample—is 1.18 at 77
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K (see equation (2.17) in chapter 2.3.2), which aligns closely with the observed ratio of 1.16.
For the MSC-30 sample the uptake ratio is close to unity at all collected pressure points,
whereas the MSP20-X sample shows a preferred uptake of D, at the lowest pressure and a
decreasing ratio at higher pressures (2.03-1.04 compared to 1.44-1.09 for the ACC). This might
be attributed to the considerably larger ultramicropore volume of the MSP20-X sample
compared to the ACC. The respective average ratios for the MSC-30, MSP20-X and YP80-F
samples are 0.99, 1.31 and 1.07. These discrepancies suggests additional factors at play,
potentially involving the selective occupation of the smallest pores by different para:ortho
forms of H, and D, and their distinct temperature-dependent behaviors as outlined by the

studies presented in section 2.5.
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Figure 5.3: H2 adsorption isotherm measured at 77 K using the Autosorb 1Q3 instrument, b) H2 and c) D2

adsorption isotherm measured at 77 K using the Hiden IMI Sievert apparatus in the in-situ set-up at D16.
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6 Neutron scattering of hydrogen adsorbed in nanopores

In the previous chapters the structural characterization of nanoporous carbons, as well as the
structure-performance relationships were discussed in detail. The following chapter evolves
around the results obtained from neutron scattering experiments, performed at the D16
instrument of the ILL, to further elucidate the spatial arrangement and densification of

hydrogen in nanopore confinement and shed a light on isotope effects.

6.1 Evaluating the difference between SAXS and SANS

The difference between the interaction of X-rays and neutrons with matter allow to gain a
comprehensive understanding of the structure of the nanoporous carbons. As outlined in
section 2.4.5, hydrogen is practically invisible to X-rays (in respect to carbon), whereas for
neutrons the negative coherent scattering length gives rise to measurable scattering intensity.
The elemental analysis, shown in Table 4.1, revealed high concentrations of H, O and N within
the samples. The atomic form factor for X-rays, the coherent and incoherent scattering lengths
are summarized in Table 6.1.

Table 6.1: Atomic form factor for X-rays and coherent and incoherent neutron scattering length of carbon, oxygen,

nitrogen and hydrogen.

Element Carbon  Oxygen Nitrogen Hydrogen

foaxs® (fm) | 16.91 22.54 19.73 2.82
bsans® (fm) 6.65 5.80 9.36 -3.74
binc'© (fm) 0.00 0.00 0.00 25.27

As these elements are somewhere located within the carbon matrix or on the carbon surface
in the form of functional groups, it is expected that the SAS signals obtained by X-rays and
neutrons might reveal some differences. Figure 6.1 (a-d) show the respective scattering signals
from X-ray and neutron scattering experiments. For the X-ray measurements no calibration to
absolute units was performed, thus the neutron scattering signals were adjusted to overlap

with the intensity obtained by X-ray scattering in the low g-range, where an influence on the
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scattering signal of a possible spatial arrangement of heteroatoms at the nanopore surface is

not expected. The data in the plots are shown as measured and no background subtractions

were performed. Starting with the ACC sample having the highest concentration of H and O,

the difference between SAXS and SANS becomes immediately evident. In the high g-regime

the incoherent scattering contribution of H can be seen, whereas also a difference in the g-

position of the second inflection point is observed. Following the previous discussion, the

correlation length observed with SAXS Ts,xs is larger compared to the one obtained by SANS

Tsans- The quantitative analysis was carried out in the same way as discussed in section 4.3

and the respective results are summarized in Table 6.2. The scattering patterns from MSC-30

sample show a similar slope in the high g-regime below 10 nm™, whereas the incoherent signal

from the somewhat elevated H content becomes visible above 10 nm™.

Figure 6.1: SAXS and SANS pattern of the different samples: a) ACC, b) MSC-30, c) MSP20-X and d) YP80-F
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The same trend is observed for the MSP20-X sample which has a slightly lower H content. The

YP80-F sample shows the same trend as the ACC sample, where a clear shift in the inflection
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point is observed. Considering the same pore volume, the average chord length for both X-
rays l,, saxs and neutrons l, s4ys can be calculated (results are summarized in Table 6.2). For
the MSC-30 and the MSP20-X sample, both calculated pore chord lengths are comparable and
differ 0.7% and 5.6%, respectively, and further considering measurement and fitting errors,
both values are practically similar. For the ACC and YP80-F samples, the obtained pore chord
lengths differ substantially, which is also reflected in the scattering patterns. The difference
between the two sets of samples can be attributed to a different distribution and spatial
arrangement of heteroatoms, given that MSC-30 has an even higher O and H content
compared to YP80-F. From this simple analysis, the hypothesis that functional groups are
located at the surface of the pores, thus reducing the effective pore size for neutrons, can be
drawn. For the other two samples it seems reasonable to assume that the heteroatoms are

located within the atomistic carbon structure, replacing individual carbon atoms.

Table 6.2: Correlations lengths and average chord lengths of pores obtained from SAXS and SANS.

Material Tsaxs Tsans lpsaxs Ly sans
(nm) (nm) (nm)
ACC 0.53 0.47 1.12 1.00
MSC-30 0.35 0.35 1.40 1.39
MSP20-X 0.35 0.33 0.89 0.84
YP80-F 0.52 0.44 1.62 1.38
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6.2 Neutron scattering of H, and D, adsorption

The introduction of H, and D, into the pore space leads to distinct changes in the SANS signal,
reflecting variations in adsorption behavior and density distribution. Contrast differences
between the gas phase and the carbon matrix provide insight into how hydrogen interacts
with the pore structure. In the following a general interpretation of the changes to the SANS

signal upon hydrogen adsorption is given, which is valid for all the samples discussed.

Figure 6.2 (a-d) and Figure 6.3 (a-d) display the SANS curves of the different samples collected
at 77 K for H, and D, sorption at various gas pressures, respectively. These curves were
corrected for instrument background and normalized to transmission, without subtracting the
incoherent background at this stage. Across the entire scattering vector range, significant
intensity changes are observed, differing notably between H, and D, adsorption within the
pores. At the largest g-values, a correlation peak around 17 nm™ is evident, attributed to the
carbon structure factor of the empty sample. This peak primarily arises from the graphene
stacking in the disordered turbostratic carbon [108]. With increasing pressure, the D, data
(Figure 6.3 (a-d)) show an intensity increase and a shift in this peak. Since significant changes
in the carbon structure factor due to gas adsorption are unlikely, this shift is attributed to
intermolecular correlations within a dense (liquid- or solid-like) D, phase forming in some of
the pores. Similar intermolecular correlation effects would be expected for H,. However, for
H,, these effects are masked by a much larger overall intensity increase caused by its high
incoherent scattering cross-section compared to D,, likely hiding the intermolecular

correlation signal in the scattering data.
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Figure 6.2: Neutron scattering signals measured at different Hz loadings at 77 K for the different samples: a) ACC,

b) MSC-30, c¢) MSP20-X and d) YP8O-F
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Figure 6.3: Neutron scattering signals measured at different Hz loadings at 77 K for the different samples: a) ACC,

b) MSC-30, c) MSP20-X and d) YP80-F

At smaller g-values (q < 10 nm1), intensity changes correspond to gas densification within the
pores. This alters the coherent scattering length density (SLD) difference Ap(p)? between the
carbon phase (p) and the adsorbate phase in the pore space (P,45)- In a simple two-phase
model, assuming all pores are uniformly filled with an adsorbate phase of constant average
density, the scattering intensity is directly proportional to the scattering contrast:

w,

b
iD; 6.1
M; ° (1)

Ap(p)? = ((Be) — PaasH?; P = NAZ.

The scattering length density (p) of each phase is directly proportional to the mass density (p)
of the respective phase at a given gas pressure p, where b; represents the coherent scattering

lengths, M; the molar masses, w; the fractions of atoms/molecules in the homogeneous

phase, and N, the Avogadro constant.
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According to equation (6.1), the SANS curve shape should remain unchanged upon gas
adsorption, with only a shift in the logarithmic intensity scale. However, this behavior is not
observed in Figure 6.2 and Figure 6.3. For H,, the intensity increases significantly at
intermediate g-values (2-10 nm™) as gas pressure rises, whereas for D,, the intensity
decreases within the same g-range. This isotope-dependent behavior is expected because
hydrogen has a negative coherent scattering length, while both carbon and deuterium have
positive values (Table 6.3). As a result, the scattering contrast from equation (6.1) increases
for H, and decreases for D, with gas uptake, indicating a rise in adsorbate mass density in the
pores for both cases. At smaller g-values (<1-2 nm), the trend reverses: intensity decreases
for H, and increases for D, with successive gas uptake. This behavior cannot be explained by
assuming a uniform gas density throughout the pore space. Instead, it suggests that gas
density varies within the pores, consistent with previous findings by Gallego and He et al.
[128,129], which reported increasing hydrogen density with decreasing pore size at a given

external pressure.

Table 6.3: Summary of coherent and incoherent scattering lengths of elements present in the sample material
and scattering length densities of the carbon sample, H2 and D2. Reproduced with from Ref. [57] and with

permission from Elsevier.

Element Carbon Nitrogen Hydrogen Oxygen Ha D2
beoh (1023 cm) 6.65 9.36 -3.74 5.80 -7.4812 13.34
binc (10712 cm) - - 25.27 - 50.55 8.08
SLD (10%°cm?2)  3.98+0.440@ - - - -1.75 (-1.94)®  3.24 (3.92)©

(a) Carbon SLD calculated according to the chemical composition shown Table 4.1 using equation (6.1), (b) and
(c): SLD of Hz2 and D2 calculated with equation (6.1) for the liquid bulk density (and solid bulk density), respectively.
When the pressure is increased beyond 1 bar, the intensity in the low g-regime is increasing
for H, adsorption, as displayed in Figure 6.4 (a) and (b). Considering the simple two-phase
model of equation (6.1), it leads to the conclusion that a substantial gas densification in the

respective pore size regime occurs.
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Figure 6.4: Neutron scattering signals measured at elevated Hz and D2 pressures: a) ACC and Hz at 77K, b) and c)

MSC-30 and Hz and D2 adsorption at 77 K, respectively.

When the applied D; pressure is increased, the intensity in the low g-regime is also decreasing,
as the contrast scenario compared to H; is now reversed. Furthermore, a shift in the inflection
point to lower scattering vectors can be observed in Figure 6.4 (c). This shift can be attributed
to a contrast matching scenario, such that the adsorbate in the smallest pores has reached
the SLD of the surrounding carbon matrix ({P¢) = (Paqs))- This in return leads to the practical
absence of these pores contributing to the scattering intensity and thus to an increase in
observed chord length of pores. This is further supported by the fact that a notable increase
in intensity around 10 nm™, which might be attributed to the increasing incoherent scattering
contribution of D,. Nevertheless, as discussed in section 2.4.5, the separation of the individual
contributions to the intensity at g > 10 nm™, is not straightforward and needs some
assumptions, which will be further discussed in section 6.3. In the discussion above, as well as
in the following sections, an assumption is made that it might be worth to be further verified.

It is assumed that the pore space is rigid and not subject to adsorption-induced deformation,

which are typically € < 1% [130].
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Theoretically it is possible to measure changes to the carbon framework due to the adsorption
of hydrogen, when making use of the different coherent scattering lengths of H, and D, by
preparing a 0-SLD gas mixture. To do so, the gases must be mixed prior to adsorption in the

pore structure and a molar ratio of 0.64 mol% H; and 36 mol% D», according to equation

(6.2).

. Ptot\”
(Pi2+Pp2)* = (kt,;t) “[buz " Xz + bpa - (1 — xy2)]?

b
P2 _ 64 (6.2)

XH2 =
sz - sz

Such an ideal gas mixture, when evenly distributed and densified within the pore space would
not contribute to the measured scattering intensity. The scattering patterns of such an

experiment as well as the respective collected isotherms are shown in Figure 6.5.
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Figure 6.5: Neutron scattering signals measured at 77 K and different pressures of a 0-SLD gas mixture: a) MSP20-
X and b) YP80-F. c) Respective adsorption isotherms collected using the IMI sievert apparatus in the in-situ set-
up at D16.

From the previous discussion about the isotope specific adsorption, it is evident that nature is
opposing this theoretical concept, as H; and D, are adsorbed and most likely densify
differently. Nevertheless, it seems that around the respective inflection points the intensity is
not changing, at least not to the extent expected for single fluid adsorption. In the high g-
regime at first an increase of in the intensity can be seen (insets in Figure 6.5 (a) and (b)),

which is attributed to the incoherent scattering of mainly Ha. Surprisingly, at the highest gas
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loading the incoherent scattering contribution is not detectable and the scattering intensity is

even below the value measured for the samples under vacuum.

Remembering the statement from Enrico Fermi at the beginning of the chapter, this
phenomenon could either be a further discovery or based on a failed experiment. As
mentioned, for those experiments, the sample cell was not closed, such that powder could
escape the irradiated volume, due to powder elutriation when gas is dosed into the system.
This would result in a shift of the whole scattering signal down the log-scale, which is not
observed (see small g-values). Thus, it seems that the measurement was indeed correct, and
the observed phenomenon has physical explanation. The collection time of one SANS pattern
was in the order of 45 min, thus the total residence time for the molecules that were adsorbed
first within the pores was around 3.5 h. The thermodynamic ortho-para transition rate of H;
was reported to range from a 0.4% to 140% in the presence of paramagnetic sites within the
carbon material [38,82,83]. Assuming that D, is adsorbed first in the smallest pores, thus
essentially decreasing the scattering contrast for g > 10 nm™ and that H, unrestrictedly
transitions to the para-state (which has no incoherent scattering contribution), it might be
possible that both effects combined lead to the observed phenomena. This hypothesis may
be further investigated with additional neutron scattering experiments. As stated before the
separation of the individual contributions is not unambiguous, yet considering the simpler
case of single fluid adsorption, the densification of hydrogen studied by neutron scattering

will be discussed in more detail in the following section.
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6.3 Fitting of the SANS data

The goal of the following section is to quantitatively determine the average absolute
adsorbate density within three distinct pore-size classes. This is achieved by fitting the SANS
data using a hierarchical pore model [57]. The SANS signal from the pure ACC material (Figure
6.2 (a), grey line) exhibits a distinct carbon structure factor peak at approximately 17 nm™,
along with two prominent “humps” at ~0.7 nm™" and ~3 nm™. These features correspond to
nanopores, with their positions inversely related to typical length scales associated with pore
widths, approximated by 7 /q. As indicated by the pore size distribution (Figure 4.1 (c) and (d)),
the ACC sample contains a significant fraction of ultramicropores with a mean size of around
0.6 nm. However, no distinct shoulder is observed in the SANS data near 5-6 nm™, which
would directly correspond to this pore class. This absence is expected, as the (decreasing)
SANS signal from ultramicropores overlaps with the (increasing) carbon structure factor in this

g-range (see discussion in chapter 2.4.6).

At non-zero pressures, the data around 10 nm™ could not be adequately described using only
two pore-size classes, as suggested by the two visible shoulders in the SANS curves. To account
for this, a simplified analytical model was developed to fit the SANS curves, incorporating
contributions from three independent pore classes: mesopores (pore class ),
supermicropores (class 1), and ultramicropores (class lll). Additional incoherent and coherent
scattering contributions from both the carbon and adsorbate phases were also included to

accurately capture the measured data.

Each of the three SANS contributions is modeled using a simple two-phase approach,
assuming that within each pore class, the adsorbate density remains constant for a given gas
pressure (as described in equation (6.1)). Furthermore, the geometry of the pore space is
assumed to remain largely unchanged during adsorption, neglecting any adsorption-induced
deformation [130,131]. Under these assumptions, the individual SANS contributions can be
separated into a g-dependent scattering function Isyys;(q,p), which encapsulates the
structural information of the respective pore space (i=l, Il, lll), and a pressure-dependent
scaling factor S;(p) (see equation (6.4), which quantifies the adsorbate density in that pore

space. This relationship is expressed as:
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ax
a0 (q,0) = Lsans (@, ) + Isans i (q, D) + Isansii (@, p) + Ipc(q@) + Ip 4as(q, ) (6.3)

A major challenge in the quantitative analysis of the SANS data is the complexity and
disordered nature of the pore structure, combined with the large pore space volume fraction.
One of the earliest models to describe small-angle scattering from uncorrelated, randomly
shaped scattering objects was the Debye-Anderson-Brumberger (DAB) model, which uses an
exponentially decaying correlation function [70]. Later extensions improved on this approach
by incorporating correlations between scattering objects, introducing damped oscillatory

terms into the correlation function [73,111,132,133].

A model developed by Fratzl et al. [134,135], originally used to describe short-range correlated
mineral platelets in bone with a two-phase system, is applied to describe Is4ys;(g,p) in
equation (6.4). This “stack-of-cards” model provides an analytical solution for 1D correlations
of plate-like scattering entities, where T is the mean chord-length of the two-phase system,
and a and b are reduced lengths related to the damping part and the oscillatory part of the
correlation function, respectively.

T? [ (qT)?+(a;—1)-(af+b?)

I . e S . L .
sans,i(@) = Si(p) 42 (T2 +a?—07) +aa20? (6.4)
TZ
Si(p) q_2 = 813 V0r 01902 (AP)? (6.5)

The scaling factors S;(p), also known as integrated intensities, are directly related to the
volume fractions of the two phases and their scattering contrast (Ap(p)?), and can thus be
used to determine the adsorbate density as a function of pressure within the pores Here
@1and @, are the volume fractions of the two phases, and V;,; is the sample volume. The
volume fractions for the respective pore classes were estimated according to the IUPAC
recommendation [13] of mesopores (> 2 nm), supermicropores (0.7-2 nm), and
ultramicropores (<0,7 nm) from the corresponding specific pore volumes V' given in Table 4.2,
with the skeletal density of the carbon material pg; = (1.9 £0.2) g/cm3 as determined by He
pycnometry. For activated carbons, micropores are often approximated as slit-like pores

formed between relatively flat (but multilayered) graphene sheets, akin to a "stack-of-cards"
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model. This approach is considered a reasonable approximation for the ACC sample’s
micropores. Although mesopores are less likely to exhibit perfectly slit-like geometries, the
stack-of-cards model is also applied to pore class | for simplicity, aligning with the QSDFT slit-
pore model used to calculate the pore size distribution from the N, adsorption isotherms
(Figure 4.1 (d)). In addition to the coherent SANS contributions, simple empirical expressions
were used to describe the background terms I -(q) and Ip 445(q, p) in equation (6.3) to
account for interatomic/intermolecular interactions in the scattering curves at large q. These
expressions for the SANS signal account for the correlation peaks at g>10 nm™ (Figure 6.2 (a)
and Figure 6.3 (a)) and consider that the coherent intermolecular structure factor approaches
a constant value proportional to the coherent scattering cross-section as gq—=0. For both, the
carbon stacking reflection and the intermolecular peak, a Gaussian function was used to

empirically describe the correlation peak around 17-19 nm™.

N2

Igc(@) =Cc+A-exp (—%(%) ) (6.6)
1(q-q 2

IB,Ads(q' P) = Cyqs (p) + Aads(p) T exp <_ E <ﬁ) > (67)

With A being the Amplitude, g,,, the position and W, the width (standard deviation) of the
Gaussian. The absolute values of the constants C; and C,,45 in equation (6.6) and (6.7) depend
not only on the coherent scattering cross-section but also on the g-independent spin-
incoherent scattering cross-section, which is particularly large for H, and is sensitive to the
para/ortho ratio of the adsorbate. Including spin-incoherent scattering contribution in the
model is crucial, as even the empty sample contains significant hydrogen content within the
carbon matrix (see Table 4.1). Explicit calculations for the pre-factors C. and C445(p) are given

below in equation (6.8) and (6.9).

_ d_Z _ Ppouring . ﬂ E _ Ppouring M 'NA. Wi 2 2
Ce = (dﬂ)carbon - (V)i (dﬂ) - ((binc,i) + (bcoh,i) )

Papparent Papparent Vsample i M;
2
e M 2 3 2 ’ (6.8)
=5 —Nav ) ap inci) + (beoni
Papparent 4 - M; (( mC'l) ( coh,z) )
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Cov = (d_z) n (d_Z) _ Ppouring . NHZ/Dz <(d_0> + (E) )
Ads dQ ads,coh ds) ads,inc papparent Vsample Mol dQ ads,coh dQ ads,inc

_ Ppouring MNex "Mc " Ny do do
Caas = 7 20 ascon T\a0) s
sample ads,coh ads,inc

papparent

2 2 2
_ Ppouring _
= "Nex " Ny <(bcoh,H2/D2> + fop ' (binC'HZ/Dz) ) = KHZ/DZ “MNex (69)

.Dapparent

Here, m. is the carbon sample mass, Vsgmpie the irradiated sample volume, w; the mass
fraction, b; the scattering length, and M; the molar mass of the respective element i
according to the chemical composition. The pouring density of the carbon powder within the

sample holder p,oyring Was set to 0.3 g/cm3, whereas the apparent density is calculated by

1

Papparent = T . The constant C,4s for Ip 445(q, p) was determined entirely by the

Pskel

+Vtot
known adsorbate uptake 7,, (Figure 5.3 (b) and (c)). The spin-incoherent scattering length
density of the molecule is not simply twice the one of the atoms but depends on the ratio of

para- (p) to ortho-hydrogen (o). At room temperature, the corresponding factors in equation
(6.9) are fopnz = %and fop,p2 = %for Hz and D, respectively [39], while they are f,, y» = g

and fopp2 = % for87Kand f,p n2 = %and fop,p2 = éfor 77 K. “Normal” H,/D; corresponding
to the equilibrium ratio at room temperature was dosed, but the equilibrium values at 87 K or
77 K may not have been reached. Hence, this factor comes with quite some uncertainty in the
determination of the incoherent contribution. Since the calculation of C4,4, in equation (6.9)
is additionally based on several other parameters of limited known accuracy, the error bands
were calculated based on multiple fitting runs, where the parameters were varied within

meaningful limits given in Table 6.4.
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Table 6.4: Values used to calculate C (equation (6.8)) and C44s (equation (6.9)) and the respective upper and
lower limits. Permutations of those values allow us to estimate the mean, minimal and maximal values of C. as
well as the increase in g-independent signal due to adsorption C,4,. Reproduced from Ref. [57] and with

permission from Elsevier.

Value Mean Min Max
Psker (g/cm®) 1.9 1.7 2.1
Ppouring (g/cm?®) 0.2947 0.2653 0.3242
Papparent (g/cm®) 0.8945 0.6824 1.1069
fop(H2/D2)(g/cm®) 0.75/0.33  0.55/0.29  1/0.67
Cc (em™) 0.0076 0.0045 0.0134
Ky, (em™ % 1.1531 0.5593 2.4218
Kp, (cm™* -y 0.1167 0.0755 0.2057

The resulting fitting-function was obtained by combining equation (6.3) to (6.9) and was
initially used to fit the SANS curve of the empty ACC sample (p=0, I 445(q, p) =0), with the
constant C¢ for I (q) determined entirely by the known sample composition (see Table 4.1).
The fitting results are shown exemplarily for the highest loading of H, and D; in Figure 6.6,
with fitting parameters for the three SANS contributions summarized in Table 6.5 and the rest
can be Ref. [57]. The parameter Dyorepore, representing the average distance between pores
within the same size regime, aligns qualitatively with the pore size ranges for ultra- and
supermicropores. However, for pore class |, the value is higher than expected, likely because

the assumption of slit-like pores does not accurately represent the mesopores in the sample.
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Figure 6.6: Fitting results of the SANS curves for the highest investigated gas pressure for (a) H2 (963 mbar) and

(b) D2 (951 mbar) at 77 K. Reproduced from Ref. [57] and with permission from Elsevier.

For p#0, the structural parameters from the empty sample, including the respective pore
scattering contributions equation (6.4) and I ¢(q) equation (6.6), were fixed. The integrated
intensities S;(p) and the adsorbate contribution Ip 445(q,p) were then fitted to the
pressure-dependent H,/D, SANS data. Using this approach, all SANS curves for both H, and D,
at all pressures were fitted accurately (Figure 6.6). The pre-factors S;(p) provide the
scattering contrast Ap(p)?, which is directly related to the density of adsorbed H,/D, in each

pore size regime as a function of pressure.

Two key factors affecting the reliability of the adsorbate density calculations are highlighted
here. First, for H,, the large incoherent scattering cross-section (bin¢ u,/binc,p, = 40) results
in a high C,4:(p) (equation (6.9)) at pressures near 1 bar (Figure 6.6 (a)). This notably impacts
the fit for pore class lll, where the incoherent scattering contribution (solid line) is comparable
to the coherent scattering from class Il (dotted line). Second, for D,, a different challenge
arises at higher pressures. As D, densifies, its scattering length density approaches that of the
carbon phase, reducing the scattering contrast (equation (6.1)). If the contrast vanishes, the

SANS signal from pore class Ill becomes very small and comparable to I 445(q, D).
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Table 6.5: Parameters obtained from the fitting procedure of the empty carbon sample under vacuum at 77 K and 87 K. The order displays the sequence in which the SANS
measurements were performed. For each new run, the SANS signal of the empty carbon sample was newly determined and used for the fitting procedure of the subsequent

data set. The parameter Dy, _pore IS associated with the average distance between pores of the same size regime calculated by Dy, —pore = 27T /b [134,135]. Reproduced

from Ref. [57] and with permission from Elsevier.

H.@77 K H, @87 K D@77 K D, @87 K
Pore regime T a b Dpore-pore T a b Dpore-pore T a b Dpore-pore T a b Dpore-pore
(hm) () () (hm)  (m) () () (hm)  (m) () () (wm) (m) () () (m)
Pore class | 195 1 1.26 9.73 195 1 1.26 9.73 1.93 1 124 9.77 194 1 125 9.78

[EEY

Pore class Il 0.47 1 111 2.68 047 1 111 2.68 0.49 1.13 2.70 0.48 1 111 269

Pore class Il 0.09 1 0.59 0.93 009 1 0.59 0.93 0.06 1 060 0.67 0.07 1 059 077




6.3.1 Pore-size dependent adsorbate densification — A hierarchical contrast

model

When hydrogen enters the pore space, the scattering length density (SLD) for each pore size
regime changes based on the average density of the adsorbed phase in that regime.
Consequently, during the fitting procedure, only the pore size-dependent scaling factors S;(p)
and the baseline C,45(p) are allowed to vary with pressure. A hierarchical pore model was
introduced to determine the adsorbate density within the distinct pore size classes (Figure

6.7).

Averaging

{p1)(p) =
@c *Pe + @y Pup) (p)

Averaging
(P2)(p) =
@5, DY) + o - P ()

Figure 6.7: Schematic depiction of the hierarchical pore model used to calculate the pore size-dependent

adsorbate density from SANS. Reproduced from Ref. [57] and with permission from Elsevier.

This model begins with the smallest pore size. For ultramicropores (class 1ll), the scaling factor
S;11(p) represents a two-phase system of adsorbate-filled ultramicropores surrounded by the
solid carbon matrix. At the next hierarchy level, supermicropores (class Il) are embedded in a
"matrix" that includes both the solid carbon phase and the already adsorbate-filled
ultramicropores (class lll). Similarly, for mesopores (class 1), the matrix consists of the carbon

phase and the adsorbate-filled ultramicropores and supermicropores, each with different



Neutron scattering of hydrogen adsorbed in nanopores

adsorbate densities. The respective scaling factors for each pore class in the filled and empty

state are shown in equations (6.10)-(6.12):

S(p) = 87T3V<P111 “@c - (Pe) — P (P)))z (6.10)
S (0) =83V - @ - {pc)?

Sulp) = 87T3V‘P11 (e + o) - UpY®) - @ + PunY®) - o1} — Py (P)))z (6.11)
Si(0) = 813V - (9c + o) - (Pe) - 9c)?

Si(p) = 8w Ve, - (9 + Qur + @11) - (‘((ﬁc) @ + P ®) - @ + P @) - o1} — (,51)(17))2

(6.12)
5(0) = 8”3V‘P1 (e + o + o) - (Pe) - ‘Pc)2
0\ ~ Vi pibiNy Vi myb; Ny Vi m; by Ny psker
)= 0P= ) e My LV MV, M.V,
- — Vskel i — Vskel i Vi - Mskel i Vi
(6.13)
b; w;
= Psker Na M,

i

In these equations, V denotes the sample volume, and @y, @, @; are the volume fractions
of ultramicropores, supermicropores, and mesopores, respectively. The carbon phase volume
fractionis o =1 — @ + @; + @;. The SLDs of the adsorbate phase in the respective pore
classes are denoted as p;;;(p), p;;(p), p;(p) . Importantly, the "carbon phase" in these
equations is not pure carbon but includes non-negligible amounts of oxygen, nitrogen, and
hydrogen. Since the specific locations of functional groups are unknown, the average SLD of
the carbon matrix ((9.)) was calculated using equation (6.13) and is based on the composition
of the empty sample (Table 4.1). The small amount of zinc in the sample was excluded due to
its low concentration, negligible incoherent scattering cross-section, and similar coherent

scattering cross-section to that of carbon [136].

To calculate the absolute mass density of the adsorbed phase in each pore size class, the
scaling factor at a given pressure (equations (6.10)-(6.12)) is normalized by the corresponding
factor in the empty state, where (5;;)(p) = ()(p) = (p;)(p) =0 . Starting with
ultramicropores (equation (6.14)), the mean SLD of the adsorbed phase is determined, which
is then used to calculate the SLD for supermicropores (equation (6.15)) and finally for

mesopores (equation (6.16)). The mass density of the adsorbate in each pore regime as a
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function of pressure is derived from the relationship between SLD and mass density (equation

(6.17)).
o) = (90 - (o) [0 (6.14)
Pu)p) = — <(ﬁc) “Pc- S_é;((f)) —{pc) 9c — Purd () <pm> (6.15)
(PP) = — ((ﬁa "Qc -\/% —{pc) - 9c = Pun)®) * o1 — (Pu)(P) - <pu> (6.16)
PRS0 (6.17)

sz /Dy Ny

The evolution of the pore-size-dependent adsorbate density for the three size regimes is
illustrated in Figure 6.8. The shaded error bands reflect uncertainties in skeletal density,
chemical composition, volume fractions, pouring density, and the estimation of the para-to-
ortho ratio, while fitting errors were not considered (see Table 6.4). At 77 K (Figure 6.8 (a) and
(c)), the adsorbate densities for pore classes | and Il are relatively similar and remain well
below the liquid density of bulk hydrogen. In contrast, pore class Ill shows a much stronger
increase in adsorbate density with rising pressure. For H,, the density surpasses the bulk liquid
density of 0.072 g/cm?® at approximately 500 mbar and even slightly exceeds the bulk solid
density of 0.087 g/cm?3 at higher pressures. This finding is consistent with earlier experimental
and simulation studies reporting the formation of solid-like hydrogen in micropores under

supercritical conditions [54,56,123,128,129].

The D, density evolution (Figure 6.8 (c)) demonstrates weaker densification compared to H,,
with the mass densities in pore class lll being of a similar order to those for H, but
corresponding to approximately half the molar density. This discrepancy between H, and D,
is unexpected, as adsorption isotherms (Figure 5.3 (b) and (c)) suggest a slightly higher molar
D, density than H, density. However, for D,, the scattering contrast decreases significantly as
the density approaches the bulk solid density, eventually reaching a matching point where the

scattering contrast for the carbon phase becomes negligible (Table 6.3). This diminishing
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contrast reduces the sensitivity of density measurements for D,, making the absolute values

less reliable than those for H,, particularly in pore class Il at higher pressures.
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Figure 6.8: Pore-size-dependent density evolution as a function of pressure and temperature. H, at 77 K (a) and
87 K (b); D2 at 77 K (c) and 87 K (d). The dashed-dotted horizontal lines in Figure 8a depict the liquid Hz2 density,
whereas the horizontal dotted lines depict the corresponding solid density. Reproduced from Ref. [57] and with

permission from Elsevier.

Further evidence supporting the notion that the D, molar density in the smallest pores
approaches similar values to H, comes from the D,-D, correlation peak at ~18 nm™ in Figure
6.3 (a). The peakintensity increases with the adsorbed amount, and the peak maximum (q,,4x)
shifts to higher g-values. The quantity dp,_p, = 27/qmax , representing the mean
intermolecular distance, is plotted as a function of molar uptake in Figure 6.9 (a). Assuming a
hexagonally-close-packed (hcp) molecular arrangement, as proposed by Balderas-
Xicohténcatl et al. [80], the density of the molecules responsible for this correlation peak can

be estimated.
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Figure 6.9 shows that the mass density of D, derived from this estimate aligns with the bulk
liquid density at low adsorbed amounts at 87 K and exceeds the solid density at the highest
adsorbed amounts at 77 K. While the correlation peak cannot be definitively assigned to a
specific pore size class, this observation supports the hypothesis that the molar densities of
D, and H, in pore class Il are similarly high, both exceeding the bulk solid density due to the
effects of strong confinement. For H,-H, correlations, a similar peak is expected. However,
due to the much lower coherent scattering cross-section of H, (approximately 1/4 that of D,)
and the high incoherent scattering contribution of H,, the detailed evolution of this peak could

not be evaluated.
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Figure 6.9: a) Evolution of the D2-D2-intermolecular distance as a function of the adsorbed amount and b) the
evolution of D2 density calculated from the D»-Dz-intermolecular distance assuming hexagonal packing of the

molecules [81]. Reproduced from Ref. [57] and with permission from Elsevier.

A further explanation for the discrepancy in D, density calculation arises from the subtle effect
of hydrogen exchange within the carbon matrix. The empty sample contains a considerable
amount of chemically bound hydrogen. If these hydrogen atoms are accessible to the
adsorbate, a hydrogen-deuterium (H-D) exchange may occur during D, adsorption, leaving
some chemically bound deuterium (D) in the carbon matrix and forming HD or H, in the
physically adsorbed phase. Indeed, up to 25% of the hydrogen was observed to be replaced
by deuterium, as evidenced by changes in both the sample transmission and the SANS signal

of the empty sample before and after a D, adsorption/desorption cycle.
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Figure 6.10 (a) displays the SANS curves of the empty carbon sample collected before each of
the four adsorption runs, performed sequentially as H, at 77 K, H, at 87 K, D, at 77 K, and D,
at 87 K. After each adsorption/desorption cycle, the sample was evacuated, and SANS
measurements were repeated for this nominally empty state. The curves are nearly identical,
except for noticeable differences around 10 nm™. The initial measurement (black curve)
represents the fully outgassed sample before any adsorption. After the first H,
adsorption/desorption cycle at 77 K (red curve), the high-q intensity increases slightly, while
the low-q intensity decreases, suggesting residual H, remained in the sample after evacuation.
Following the second H, cycle at 87 K (blue curve), the SANS curve aligns perfectly with the
original (black curve), indicating that the sample returned to its initial state. However, after
the first D, adsorption/desorption cycle (green curve), the high-q intensity drops below the
initial value, strongly suggesting that chemically bound hydrogen atoms in the sample
exchanged with deuterium. This exchange reduces the dominant incoherent scattering

contribution in the 10 nm™ region.

This conclusion is further supported by changes in the sample transmission (T). Since neutron
absorption is negligible for the elements in the sample, 1-T is directly proportional to the total
scattering cross section (incoherent + coherent) of atoms in the neutron beam. As shown in
Figure 6.10 (b), 1-T remains consistent at ~0.16 for the empty sample after the two H,
adsorption cycles. However, after the first D, adsorption/desorption cycle, 1-T drops
significantly to ~0.145, further confirming the exchange of H with D. Given the substantial
hydrogen content in the activated carbon cloth and hydrogen's high incoherent scattering
cross section, this decrease strongly indicates that H-containing functional groups were
replaced by D, reducing the total scattering cross section. Stronger evidence for H-D exchange
emerges during D, adsorption. Initially, 1-T increases with D, uptake but begins to decrease at
higher D, uptake levels. In contrast, during H, adsorption at both 77 K and 87 K, a reversible
linear relationship is observed between 1-T and the adsorbed amount, as expected. A
decreasing total scattering cross section with increasing D, uptake can only be explained by
H-D exchange, where the resulting HD or H, molecules escape into the gas phase outside the
neutron beam. Using equation (6.8), it is estimated that approximately 25% of all H atoms in

the sample are replaced by D during the process.
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This exchange process would lead to an increase in the carbon matrix's coherent scattering
length density (see equation (6.13)), resulting in an underestimation of the absolute scattering
intensity and, consequently, the adsorbate density. Due to the lack of information on the time
scale of this exchange and the specific locations of the functional groups involved, no
guantitative analysis was undertaken. Therefore, the D, density evolution, particularly for

pore class Il (Figure 6.8), should be interpreted with caution.
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Figure 6.10: (a) SANS curves of the evacuated (empty) carbon sample before each subsequent adsorption run.
(b) Relative changes of the total scattering cross section as a function of the H,/D2 uptake, measured via the
sample transmission before each SANS run. The legend shows the order in which the measurements where

conducted. Reproduced from Ref. [57] and with permission from Elsevier.
6.3.2 Model limitations and conclusion

The SANS model developed in this study provides consistent quantitative results for the pore
size-dependent densification of supercritical H, at low gas pressures. However, for D,, the
derived densities appear underestimated, likely due to H-D exchange within the sample during
adsorption, which could not be accounted for quantitatively. The fitting procedure was
carefully designed to address non-uniqueness in parameters, especially for pore class lll,
where the SANS region (dominated by scattering contrast) overlaps with the structure factor
region (dominated by the squared SLD of the adsorbate). Multiple fitting runs were conducted,
constraining key parameters to physically meaningful limits, including the carbon matrix
composition, skeleton density, and pore class volume fractions. An essential consistency check

was that the total gas uptake could be calculated in absolute units from C,44(p) (equation
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(6.9)), aligning closely with the adsorption isotherms. While these efforts validate the error
bands shown in Figure 6.8, some fundamental limitations of the SANS analysis using the

hierarchical contrast model warrant critical discussion.

Figure 6.8 shows that adsorbate densification in pore classes | and Il is similar across all
temperatures and pressures, whereas pore class Il exhibits significantly different behavior.
Given the comparable mean pore sizes of classes Il and lll, the assumption that class Il pores
are exclusively surrounded by smaller class Ill pores may oversimplify the system. The
hierarchical model also neglects inter-pore scattering contributions, such as the influence of
class Il pores on those in class lll. Additionally, the pore volumes used in the analysis were
derived from QSDFT data based on N, adsorption, which may not accurately represent the
pore space accessible to hydrogen, especially in ultramicropores. Another oversimplification
is the assumption that heteroatoms like oxygen, nitrogen, and hydrogen are uniformly
distributed throughout the carbon matrix. In reality, these elements are likely localized within
surface functional groups, leading to variations in the SLD of the carbon matrix depending on

the pore size.

This work also highlights the need to extend experimental measurements to larger scattering
vectors. Distinguishing phenomena in the smallest pores from atomistic adsorbate/adsorbent
structures remains challenging with the current data. Capturing the full intermolecular
correlation peak (Figure 6.3 (a)) would allow for a more detailed and quantitative analysis of
its shift with pressure, providing complementary insights into adsorbate density. Future
experiments would benefit from neutron scattering instruments capable of covering a broader
scattering vector range, such as 0.3 nm™ to >50 nm™, to further enhance understanding of
adsorbate behavior in nanoporous materials [137,138]. Isotope effects and the preferential
adsorption of para- and ortho-H,/D, may contribute to the observed differences in adsorption

behavior and the temperature- and isotope-dependent density evolution.
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6.4 Comparing atomistic simulations with experiments

The hierarchical contrast model previously developed allowed for the separation of pore size
categories, demonstrating that densification is strongest in ultramicropores (~0.7 nm).
However, its analytical approach, based on slit-shaped pores and homogeneous adsorbate
density, may not fully capture molecular interactions and quantum effects in highly confining
pore structures. To address these limitations, in-silico neutron scattering simulations of H, and
D, adsorption in analogous nanoporous carbons were performed. By incorporating isotope-
specific quantum corrections, these simulations provide a refined understanding of
confinement-dependent densification and enable a direct comparison with experimental

neutron scattering data.

6.4.1 Nanoporous carbon models

Nanoporous carbon (NPC) structures were selected from atomistic models generated through
annealed molecular dynamics simulations, based on the work of de Tomas et al. [35]. These
structures were chosen to closely resemble MSC-30 (NPC1 and NPC2) and ACC (NPC3 and
NPC4) in terms of their pore structural characteristics, as shown in Figure 6.11(a,b) and Figure
6.11(g,h), respectively. To evaluate their pore structure characteristics, nitrogen (N;)
adsorption simulations were performed, following the methodology outlined in Ref. [139].
While an exact match between the model structures and the experimental materials was not
achieved, the pore characteristics were sufficiently similar to justify using NPC1 and NPC2 as

"digital twins" for MSC-30, and NPC3 and NPC4 as corresponding models for ACC.

A clear influence of annealing temperature on the NPC structures is apparent from Figure 6.11,
despite achieving comparable porosities. Lower annealing temperatures (NPC1 and NPC3)
result in highly fragmented surfaces with numerous local defects, whereas higher annealing
temperatures (NPC2 and NPC4) produce smoother structures with fewer defects [35,140].
However, despite these visible differences, both annealing conditions yield similar adsorption
isotherms, leading to comparable pore size distributions (PSDs) for N, at 77 K, as shown in

Figure 6.11 (d) and Figure 6.11 (f).
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Beyond gas sorption analysis, measured neutron scattering profiles of MSC-30 and ACC were
compared with simulated scattering curves of the NPC structures, calculated using a reciprocal
lattice approach (see section 2.4.6). The agreement between MSC-30 and NPC1/NPC2 is
relatively strong (Figure 6.11 (c)), whereas for ACC and NPC3/NPC4, the match is more
qualitative rather than quantitative (Figure 6.11 (e)). Several factors may contribute to these

discrepancies:

i) The simplified model carbons may not fully capture the complexity of the experimental

materials, particularly in the mesopore regime.

ii) The NPC models consist solely of carbon, whereas ACC contains a non-negligible amount of

surface functional groups, primarily hydrogen- and oxygen-based species.

iii) The small simulation box size (<10 nm) introduces statistical noise in the calculated

scattering curves, limiting statistical averaging.

Consistent with the gas adsorption results, the simulated scattering curves for high- and low-
temperature annealed structures exhibit remarkable similarity below g = 25 nm™. However,
the discrepancies, particularly visible in Figure 6.11 (e), are likely due to finite simulation box
effects. The two peaks observed at g =30 nm™ and q = 55 nm™ correspond to the in-plane 2D
lattice of curved graphene sheets [108]. Additionally, the increased structural distortion at
lower annealing temperatures (Figure 6.11 (a), (g)) results in broader peaks and lower peak
intensity, in contrast to the higher annealing temperatures (Figure 6.11 (b), (h)), which yield

more well-defined local ordering.

To compare the simulated nanoporous carbon (NPC) structures with the experimental carbon
samples, pore structure characteristics derived from N, adsorption and the correlation length
obtained from SANS are summarized in Table 6.6. For the MSC-30 sample and the NPC1/NPC2
structures, a good quantitative agreement is observed between the mean pore size d,y,
obtained from gas sorption and the correlation length [. derived from SANS. However, as
previously noted, the NPC models lack the mesoporous contribution present in MSC-30, as

seen in the pore size distribution for pores larger than 2 nm (Figure 6.11 (d)).

In the case of the ACC sample, the discrepancies between the experimental and simulated

structural parameters are more pronounced. These differences likely stem from the presence
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of heteroatoms in the experimental carbon material, which are absent in the simulated
models. Despite this limitation, NPC3 and NPC4 were identified as the best-matching
structures among those reported by de Tomas et al. [35], offering the closest approximation

to the porosity characteristics of ACC.
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Figure 6.11: Molecular dynamics-generated nanoporous carbon (NPC) structures. (a) NPC1: porosity ¢ = 0.65,
annealing temperature T = 2000 K; (b) NPC2: ¢ = 0.65, T = 4000 K; (g) NPC3: ¢ = 0.48, T = 2000 K; (h) NPC4: ¢ =
0.48, T = 4000 K. The cubic simulation box measures 10.85 nm for NPC1 and NPC2, and 8.61 nm for NPC3 and
NPCA4. (c, e) Simulated neutron scattering patterns for NPC1 and NPC2 (turquoise) and NPC3 and NPC4 (orange),
obtained using the method described in Section S1.1. The signals were smoothed for clarity, with the corrected
and scaled SANS signals from MSC-30 and ACC shown in black. (d, f) Differential pore volume distributions derived
from the QSDFT slit-pore model applied to simulated N, isotherms of NPC1 and NPC2, and NPC3 and NPC4,
respectively. The PSDs of MSC-30 and ACC are included for comparison (black curves). Insets in (d) and (f) display
the simulated adsorption branches of the isotherms on a semi-logarithmic scale alongside experimental

isotherms. Reproduced from submitted manuscript [141]: Carbon, Elsevier.
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Table 6.6: Comparison of the pore structure characteristics from gas sorption using N2 at 77 K and from SANS.

Sample  Sosprrn2 @ Vosprrvz ™ danz @ lc(e)
(m*/g) (cm®/g) (nm) () (nm)

MSC-30 2497 1.59 1.27 0.73 0.7
NPC1 1946 1.31 1.35 0.66 0.74
NPC2 2003 1.33 1.33 0.65 0.71
ACC 1389 0.59 0.84 0.53 0.79
NPC3 1624 0.48 0.59 0.48 0.59
NPC4 1381 0.48 0.70 0.48 0.66

(a) specific surface area calculated using the Quenched Solid Density Functional Theory (QSDFT) method, (b) total
specific pore volume derived by the QSDFT method covering the range of pore sizes from 0.6 to 35 nm, (c)
average pore width da calculated for slit pores using 2-Vasorr/ Sasorr, (d) porosity of the carbon structure. For the
carbon samples the porosity ¢, where pg,; Was chosen to be 1.9 g/cm? for both samples, (e) correlation length

obtained by using equation (2.56). Reproduced from submitted manuscript [141]: Carbon, Elsevier.
6.4.2 Monte Carlo simulations of H2 and D, adsorption

The simulated adsorption isotherms for H, and D, in the NPC structures are presented in
Figure 6.12(a) and Figure 6.12(b), respectively (see section 2.3.2 and for more detail). The LJ-
parameters used in equation (2.14) and (2.15) are summarized in Table 6.7). The higher H,
and D, uptake in NPC3 at =1000 mbar can be attributed to its greater specific surface area,
resulting from a smaller average pore size at an equivalent pore volume, compared to NPC4

(Table 6.6).
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Figure 6.12: (a,b) low-pressure H, and D, adsorption isotherms at 77 K of the two carbon
materials and the NPC models, respectively. The parameters for the interaction potential can

be found in Table 6.7. Reproduced from submitted manuscript [141]: Carbon, Elsevier.

A slightly higher D, uptake compared to H, is observed for all four NPC structures, which can
be explained by the deeper Lennard-Jones (LJ) potential well for D,, a consequence of its
higher mass and the Feynman-Hibbs quantum correction term (equation (2.14) and (2.15), see
also Figure 6.15(a), inset). This trend is in good agreement with experimental findings, which

also show a marginally higher D, uptake relative to H,.

When comparing the experimental adsorption isotherms (Figure 5.3(a) and Figure 5.3(b)) with
the simulated data (Figure 6.12 (a) and Figure 6.12 (b)), a strong correlation is observed
between ACC and NPC3/NPC4. However, for MSC-30, the agreement with NPC1/NPC2 is poor,
particularly at high pressures (~1000 mbar). In the experiments, MSC-30 reaches uptake
values close to 14 mmol/g, whereas the simulated structures exhibit a lower uptake of
approximately 8 mmol/g. This discrepancy arises from the significantly higher specific pore
volume and surface area (Table 6.6), which is largely due to the presence of mesopores, a

feature not captured in the simulated NPC models.
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Table 6.7: Parameters used to model the interaction potential of different adsorbates according to equation (2.14)

and (2.15). Reproduced from submitted manuscript [141]: Carbon, Elsevier.

Adsorbate 0ij Sij/kb m, Reference
(A) (K) (g/mol)
N2 3.615 101.5 - [142]
C 3.4 28.0 -
H2 2.958 36.7 1.00784 [143]
D2 2.958 36.7 2.01410

6.4.3 Influence of the atomistic structure — Degree of confinement

A more detailed investigation of the influence of atomic-scale carbon structure, particularly
pore size and shape, on H,/D, uptake can be achieved by introducing a parameter that
guantifies the local geometry of the carbon framework around an adsorbed molecule. This is
captured by the Degree of Confinement (DoC), a concept introduced by van Meel et al. [144]
as a parameter-free nearest-neighbor algorithm. Initially developed to study ion confinement
in nanoporous carbon models [145,146], the DoC has since been adapted to investigate

molecular adsorption in confined environments.

The DoC is defined by the total solid angle formed between an adsorbed molecule and its
neighboring carbon atoms within a predefined cut-off radius [146], as visualized in Figure 6.13
(a). Since carbon atoms in graphene-like structures predominantly arrange in hexagonal rings,
the maximum solid angle is determined by the hexagonal lattice geometry. The reference
value for a perfect six-membered carbon ring is A¢cgrpon, = 0.6046 represents the fractional
surface area occupied by a hexagonal carbon arrangement. This value changes for pentagonal
Acarbong = 0.9132and heptagonal Acqrpon, = 0.5811A(structures, which appear in Stone-

Wales defects that induce curvature in graphene layers).
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The solid angle contribution (a; ;) of each carbon atom j surrounding a molecule i within a
given cut-off radius R can be calculated using equation (6.18). There where d; ; is the
distance between the molecule and the carbon atom, and R; is the radius assigned to each

carbon site, which is set to half of the C—C bond length in a perfect hexagonal carbon lattice

Carbon 4 f
atom j

Molecule i

Figure 6.13: (a) Schematic representation of the distances used to calculate the Degree of Confinement (DoC)
based on equations (6.18) and (6.19). (b) Idealized arrangement of carbon atoms contributing to the DoC.

Reproduced from submitted manuscript [141]: Carbon, Elsevier.

2 2
,di‘j+Rj

N
2 _ carbon a i

DoC = 2= 2. 100 with Acgrpon, = 0.6046 (6.19)

41 Acarbon

The cut-off radius R, which defines the maximum distance at which carbon atoms contribute
to confinement effects, is strongly influenced by the nature of molecular interactions. In
previous studies, Prehal et al. [147] selected a fixed cut-off radius of 13.9 A when modeling
argon adsorption in non-atomistic carbon structures. In contrast, Merlet et al. [146] proposed
a more adaptive approach for ion-electrosorption in atomistic models of disordered carbons,
where R was defined as the first minimum of the radial distribution function (RDF) g(r).
Following this methodology, the present study determined R-by analyzing the RDFs of carbon,
H,, and D,, as illustrated in Figure 6.14 (a)—(c). The first minimum of g(r)was identified at
approximately 5 A for both H, and D,, establishing it as the relevant cut-off radius for

confinement analysis in this system.
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Figure 6.14: Radial distribution function g(r) for carbon calculated from (a) the NPC models and from the final
spatial arrangement of adsorbed (b) H, and (c) D, molecules within the NPCs at a pressure of 1000 mbar,
respectively. Reproduced from submitted manuscript [141]: Carbon, Elsevier.

The radial distribution function (RDF) of carbon (Figure 6.14 (a)) exhibits distinct peaks at 1.43
A, 2.48 A, and 3.83 A, corresponding to the C—C bond length, the lattice vector length, and the
approximate separation between graphene sheets, respectively. Additionally, the shortest
H.—H, distance observed is around 3.26 A, which aligns well with the minimum of the
interaction potential calculated using equation (2.14) (as illustrated in the inset of Figure 6.15

(a)).

The Degree of Confinement (DoC) was computed individually for each molecule within the
NPC structures, allowing for tracking of the respective values. This enabled the construction
of DoC histograms for various adsorption loadings, which are presented in Figure 6.15 (b) and
(c). From these histograms, the mean DoC was determined, and its evolution as a function of
loading is depicted in Figure 6.15 (a). A higher DoC value indicates that the molecule is closer
to the surrounding carbon atoms and is more tightly enclosed by the pore walls, reflecting
stronger adsorption interactions. As a result, the DoC provides insight into the local pore
geometry, effectively linking pore structure to adsorption strength. A visual representation of

this concept is provided in the top row of Figure 6.15.
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Figure 6.15: (a) Mean Degree of Confinement (DoC) as a function of H,/D, loading for the four NPC structures.
Solid lines represent H, adsorption, while dashed lines correspond to D, adsorption. The inset displays the
Lennard-Jones fluid molecule interaction potential, calculated using equation (2.14) and (2.15) with parameters
from Table 6.7. (b) DoC histogram for the NPC1 structure at an H, loading of 7.5 mmol/g, and (c) the
corresponding DoC histogram for NPC3. The top row illustrates visualizations of various carbon substructures
associated with different DoC values. Reproduced from submitted manuscript [141]: Carbon, Elsevier.

Figure 6.15 (a) illustrates the evolution of the mean Degree of Confinement (DoC) as a function
of the H,/D, adsorbed amount. At low filling fractions, the mean DoC is at its highest, which
aligns with the expectation that adsorption sites with the strongest confinement potential—

those with high DoC values—are occupied first. This trend highlights the preference of

hydrogen molecules for strongly confining adsorption sites at low loadings.

The DoC distributions for NPC1 and NPC3 at a simulated H, uptake of 7.5 mmol/g are shown
in Figure 6.15 (b) and Figure 6.15 (c), respectively. The mean DoC for NPC1 is approximately
20, with values extending up to 60, though these higher values correspond to only a few
adsorption sites. In contrast, NPC3 exhibits a higher median DoC at the same loading,
reflecting its smaller mean pore size, as confirmed by Figure 6.11 (f) and Table 6.6. The highest
DoC values occur in pores where adsorbed molecules are almost entirely surrounded by
carbon, as visualized in the top right of Figure 6.15. The mean DoC decreases with increasing
pore filling, with median DoC values at low uptake being approximately 25% higher than at
high uptake, although the overall distribution broadens as loading increases. Additionally,

structural porosity plays a key role in confinement, as seen in Figure 6.15 (a), where NPC3 and
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NPC4, which have a lower overall pore volume fraction, consistently exhibit higher mean DoC

values.

6.4.4 Comparison of simulated and experimental neutron scattering

The simulated and experimental H,/D, adsorption isotherms provide a global measure of
isotope-specific interactions within nanoporous carbon structures. While the Degree of
Confinement (DoC) offers insight into the distribution of adsorbed molecules as a function of
loading, additional experimental data is required to validate whether the local molecular
arrangement is accurately reproduced by simulations. Thus, in-situ Small-Angle Neutron
Scattering (SANS) measurements shall be compared to their in-silico counterpart. The global

changes in scattering intensity upon adsorption were previously discussed in section 6.2.

Figure 6.16 and Figure 6.17 compare the relative scattering intensity profiles (I(q,n)/(g,n=0))
obtained experimentally with those derived from in-silico adsorption simulations using the
reciprocal lattice approach (section 2.4.6). These curves were normalized to the scattering
intensity of the empty carbon structure, ensuring that changes in intensity directly reflect the
impact of H,/D, adsorption. To improve statistical accuracy, the simulated adsorption
configurations were averaged over six equilibrium Monte Carlo (MC) structures for each filling
fraction, while NPC1 and NPC2 were treated as model carbons for MSC-30, and NPC3 and
NPC4 represented ACC. Experimental data corresponding to these simulations are shown in
Figure 6.16 (e), (f) for MSC-30 and Figure 6.17 (e), (f) for ACC. The spin-incoherent scattering—
particularly significant for H,—was subtracted from the SANS data (as described in section 6.3),
ensuring that the relative scattering curves displayed in Figure 6.16 and Figure 6.17 contain

only coherent contributions.
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Figure 6.16: Snapshots of the MC simulation within the NPC1 structure at loadings of 3.5 and 7.5 mmol/g for H,
(blue) and D; (red) are shown in (a) and (b), respectively. (c, d) Display the ratio of the SANS intensity at different
loadings compared to the zero-loading sample, averaged for NPC1 and NPC2 structures for H, and D,
respectively. (e, f) Show the experimentally obtained intensity ratios for the MSC-30 material. Reproduced from
submitted manuscript [141]: Carbon, Elsevier.

A key observation is the good agreement between the simulated and experimental data for
D, adsorption across both MSC-30 and ACC samples (Figure 6.16 (d), (f) and Figure 6.17 (d),
(f)). The relative intensity decreases at intermediate g-values, reaching a minimum around q
=~ 8 nm™, which corresponds to the contrast reduction between the adsorbed D, and the
carbon matrix due to their similar scattering length densities. This effect is reversed at low g-
values, where the overall intensity increases upon D, adsorption, as expected from the total
scattering length density increase of the system. At high g-values (>10 nm™), short-range
correlations such as D,-D, and D,-C interactions become relevant, leading to a strong
correlation peak at g = 20 nm™. The quantitative agreement between NPC1/NPC2 and MSC-
30 confirms that the simulated models effectively capture the experimental scattering trends.
Similarly, the correspondence between NPC3/NPC4 and ACC is also reasonable, though the

minimum in the experimental curve appears slightly shifted toward g = 10 nm™ and the
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intensity ratio is somewhat smaller at equivalent loadings. For the ACC sample, experimental
data extends only up to g = 20 nm™, and the strong statistical fluctuations in the simulated

data limit a definitive comparison.

In contrast, the simulated results for H, exhibit significant deviations from experimental data
(Figure 6.16 (c) and Figure 6.17 (c)). The expected minimum at q = 15-20 nm™ in the simulated
data—arising from H,-C interactions—is not observed experimentally. Instead, a secondary
peak appears in the experimental curve around q = 20 nm™, which is absent in the simulation
results. This discrepancy suggests that H, adsorption does not strictly follow the expected two-
phase adsorption model (i.e., a homogeneous H, layer inside a uniform carbon matrix).
Instead, the observed scattering trends imply a more complex local arrangement of adsorbed

H, molecules, possibly involving H, clustering effects.
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Figure 6.17: Snapshots of the MC simulation within the NPC4 structure at loadings of 3.5 and 7.5 mmol/g for H,
(blue) and D, (red) are shown in (a) and (b), respectively. (c, d) Present the ratio of the SANS intensity at different
loadings compared to the zero-loading sample, averaged for NPC1 and NPC2 structures for H, and D,,
respectively. (e, f) Show the experimentally obtained intensity ratios for the ACC material. Reproduced from

submitted manuscript [141]: Carbon, Elsevier.
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The apparent lack of a minimum in the experimental H, scattering data at q = 15-20 nm™
suggests that H,-H, correlations dominate over H,-C correlations, which is the opposite of the
D, adsorption case. This could indicate the formation of locally dense H, clusters, which differs
from the expected uniform adsorption behavior. A similar observation is made for the ACC
sample (Figure 6.17 (e)), where the relative scattering intensity increases more significantly

than in simulations, suggesting a higher-than-expected H, density in confinement.

Furthermore, the experimental H, scattering intensity increase at q = 10 nm™ is nearly
threefold for ACC, whereas the simulated counterpart exhibits only a 1.4-fold increase. This
guantitative mismatch strongly suggests additional local interactions or structural effects in
the experimental system that are not captured by the simulations. Notably, the ACC sample
contains a higher concentration of surface functional groups, particularly O-H species (see
Table 4.1), which may contribute to unexpected H,-H interactions. In contrast, MSC-30 has a
lower inherent hydrogen content, reducing the likelihood of such interactions and reinforcing
the interpretation that the discrepancies arise from adsorbate-specific effects rather than

sample impurities.

For MSC-30 and ACC at their highest loadings (14 and 8 mmol/g, respectively), the
experimental intensity ratio at g = 10 nm™ for ACC exceeds that of MSC-30, despite MSC-30
having 1.75 times more adsorbed molecules. This suggests that the scattering intensity does
not solely depend on the absolute adsorbed amount but is also influenced by hydrogen
densification and local interactions. Given the similar pore size distributions (<1.5 nm) for both
materials (Figure 6.11), the differences in scattering behavior appear to be dictated by surface
chemistry rather than pore size effects. The stronger D, densification in ACC, as observed in
Figure 6.17 (f), further reinforces the role of oxygen-rich carbons in enhancing adsorption.
Previous studies [123,124,148] have shown that oxygen-functionalized carbons enhance
hydrogen uptake and densification, an effect that may partially explain the observed

discrepancies.
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6.4.5 Further considerations — A heuristic modelling approach

The comparison between simulated and experimental neutron scattering data reveals
significant differences in the physisorption behavior of H, and D> in nanoporous carbons at
supercritical temperatures, warranting further discussion. While the simulations align well
with the experimental results for D, adsorption, a clear discrepancy arises for H,, suggesting
that the local molecular configurations of the two isotopes differ considerably in confinement.
The findings indicate that D, exhibits strong interactions with the carbon framework, leading
to pronounced D,-C correlations, whereas H, appears to favor a cluster-like arrangement,

deviating from the expected gas densification model [149-152].

Previous inelastic neutron scattering (INS) studies support this interpretation, demonstrating
a solid-like behavior of H, molecules at 77 K in sub-nanometer pores (~0.7 nm) [56]. The
presence of a free-rotor line in the INS spectra suggests that H, accumulates in clusters rather
than undergoing uniform densification with increasing pressure [54,56]. Moreover, isotope-
specific and temperature-dependent confinement effects further influence adsorption
dynamics. Due to its greater mass, D, exhibits a smaller thermal de Broglie wavelength than
H, at the same temperature, resulting in distinct mobility characteristics. D, becomes mobile
at ~13 K when heated from the solid state, whereas H, remains immobilized until ~25 K [84,86].
Even at low pressures (<5 bar) and elevated temperatures (up to 110 K), restricted dynamics
resembling a solid-like state of confined H, have been observed [85]. While similar studies for
D, are lacking, its significantly higher diffusivity (~70 times that of H, at 77 K) may explain some
of the observed differences in scattering behavior between the two isotopes (Figure 6.16 and
Figure 6.17). Beyond mass effects, the spin isomer distribution of hydrogen isotopes,
particularly the ortho-to-para conversion, also plays a crucial role in adsorption. Ortho-H,,
which possesses a quadrupole moment, exhibits an ordered phase under strong confinement,
arising from anisotropic interactions with the carbon surface [149]. This anisotropy causes a
splitting of the free-rotor line, which in turn hinders the ortho-to-para transition in highly
confining pores [38]. In the SANS experiments, variations in spin-incoherent scattering
contributions—particularly at scattering vectors above 10 nm™ (Figure 6.2 (a,b) and Figure 6.3
(a,b))—suggest a potential link between ortho-H, clustering and deviations in the H; scattering

intensity. Since the incoherent scattering is generally g-independent, it was subtracted from
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the data as outlined in section 6.3, thereby excluding its influence. Nevertheless, a localized
clustering of ortho-H, could introduce additional coherent scattering contributions,

complicating the interpretation of the results.

To further investigate the local configurations of adsorbed H, molecules, heuristic Monte
Carlo simulations were performed, utilizing the Degree of Confinement (DoC) as a measure of
interaction strength. The heuristic approach allowed for direct manipulation of C-H, and H»-
H, equilibrium distances, as well as the preferential placement of molecules in high- or low-
DoC regions. The first set of simulations examined the influence of H,-H, distance on the
scattering signal, systematically varying the intermolecular separation between 0.75 and 3 A,
while maintaining a DoC threshold of 45 as a placement criterion. The Monte Carlo algorithm
selected two random positions within the pore structure and computed the respective DoC
values. If either site had DoC > 45, the molecule was placed immediately. If both DoC values
were below 45, placement probability was determined by a weighted function based on the
mean DoC and the predefined threshold value. The results are summarized in Figure 6.18,
where the radial distribution functions (RDFs) for various H,-H, separations at 7.8 mmol/g
loading are shown in Figure 6.18 (a), while the scattering intensity ratios for H, and D, are
displayed in Figure 6.18 (b) and Figure 6.18 (c), respectively. Additional heuristic simulations
explored the effect of adsorption site preference, comparing scenarios in which molecules
were selectively placed in high-DoC regions (DoC > 45) versus low-DoC regions (DoC < 30)
(Figure 6.18 (d) and Figure 6.18 (e)). Finally, the intensity ratio for clustered molecular
arrangements was examined, where H, molecules were arranged in close-packed clusters of

~4.4 A and randomly distributed within the pore structure (Figure 6.18 (f)).
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Figure 6.18: Heuristic simulations of various H, and D, placements within the NPC1 structure. (a) Radial
distribution function g(r) of H, for different H,-H, distances, considering a placement threshold DoC of 45. (b, c)
Intensity ratio I(n)/1(0) for varying molecule-molecule distances for H, and D,, respectively, with the light black
curve representing the MC simulation at the same loading. (d, e) 1(n)/I(0) for preferential placement at low and
high DoC regions (DoC < 30 and DoC > 45, respectively) for H, and D,. (f) I(n)/1(0) for H, and D, molecules arranged
in an icosahedral geometry with a molecule-molecule distance of 2.3 A. The data in (b)-(f) was smoothed to
minimize noise, as it originates from a single simulation run, while the light-colored curves in the plots represent
the average of multiple runs. Reproduced from submitted manuscript [141]: Carbon, Elsevier.

Despite yielding qualitative trends consistent with experimental observations, none of the
heuristic simulation configurations fully reproduced the experimental scattering curves.
Interestingly, the simulated scattering signal for H, clusters arranged in an icosahedral pattern
(~4.4 A separation) qualitatively matched the experimental results (Figure 6.18 (f)), whereas
D, clusters resulted in a distinctly different scattering intensity profile. This supports the
hypothesis that H, clustering plays a significant role in its adsorption behavior, whereas D,

adsorption follows a more uniform distribution within the pore space—a trend also predicted

by equilibrium Monte Carlo simulations.

However, the heuristic approach is inherently limited by the large parameter space required

to fully explore all possible configurations. While the C-H, and H,-H, distances and DoC-based
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placement strategies were adjustable, additional nuclear interactions may need to be
incorporated to accurately capture the clustering tendencies of confined H, molecules. Future
atomistic simulations must integrate more sophisticated interaction potentials that account
for subtle quantum effects, spin isomer distributions, and polarization interactions.
Additionally, developing more realistic nanoporous carbon models with explicit surface
functionalization may provide further insights into the subtle differences in H, and D,

adsorption mechanisms under confinement.
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7 Summary and conclusion

The transition to a hydrogen-based energy economy continues to be a global priority, as
nations seek to decarbonize key industries and transportation sectors. Hydrogen storage
remains one of the greatest challenges in this transition, particularly for mobile applications
requiring high energy density and compact storage solutions. Among the different storage
approaches, physisorption in nanoporous materials has emerged as a promising candidate,
offering high storage capacities under cryogenic conditions without requiring extreme
pressures. However, a fundamental understanding of how pore structure, chemical
composition, and quantum effects influence hydrogen adsorption behavior is necessary to
optimize material performance. This thesis addresses these challenges by combining material
synthesis, neutron scattering techniques, and molecular modeling to provide new insights into

hydrogen densification in nanoporous carbons.

The synthesis of bio-derived activated carbons from orange peels and used tea leaves,
demonstrates that sustainable precursor materials can be effectively transformed into highly
porous carbon frameworks suitable for hydrogen storage. Using a simple chemical activation
process, these biomass-derived carbons achieve surface areas exceeding 2100 m?2/g and pore
volumes greater than 1.5 cm?3/g, both of which are critical parameters for optimizing hydrogen
uptake. Through a systematic investigation of pore structure and chemical composition, the
study reveals that ultramicropores (<0.7 nm) dominate hydrogen adsorption at low pressures,
while supermicropores (0.7-2 nm) and mesopores (>2 nm) become increasingly relevant at
higher pressures. However, despite extensive characterization, the role of heteroatom
functionalization—particularly oxygen- and hydrogen-containing surface groups—in
hydrogen adsorption remains insufficiently understood. While statistical correlation analysis
confirms that micropore volume and total surface area are the strongest predictors of storage
performance, the influence of heteroatom concentration and spatial distribution requires

further investigation to fully elucidate their role in hydrogen-carbon interactions.

To further explore the impact of heteroatom-functionalized carbons, a comparison of small-
angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) data provides

additional insights into how heteroatoms influence pore accessibility and effective pore size.
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The differences observed between SAXS and SANS measurements suggest that functional
groups may reduce neutron-accessible pore volume, depending on their location within the
carbon structure. In samples like MSC-30 and MSP20-X, the pore chord lengths obtained from
X-ray and neutron scattering are nearly identical, indicating a homogeneous carbon structure
with heteroatoms incorporated within the atomic lattice. However, in ACC and YP80-F,
significant discrepancies between SAXS and SANS results suggest that hydrogen and oxygen
functional groups are predominantly located at the pore surfaces, thereby reducing the
effective pore size accessible to neutrons. This finding supports the hypothesis that
heteroatoms play a crucial role in determining hydrogen adsorption efficiency, highlighting
the need for a more detailed understanding of functional group distribution and its influence

on adsorption dynamics.

Building upon this structural analysis, the use of in-situ small-angle neutron scattering (SANS)
at cryogenic temperatures to directly probes the spatial distribution of hydrogen within
nanoporous carbons. The results reveal a pore-size-dependent densification, where hydrogen
confined within the smallest ultramicropores (<0.7 nm) approaches or even exceeds its bulk
solid density. The development of a hierarchical contrast model allows for quantitative
description of the density evolution across different pore classes, providing experimental
evidence that strong confinement in ultramicropores leads to extreme densification.
Additionally, the neutron scattering data confirm a significant exchange of D, with pre-existing
hydrogen in the carbon structure, further emphasizing the need for a deeper understanding
of isotope substitution effects. Despite these advances, the local molecular arrangement of
confined hydrogen remains poorly understood, necessitating further investigation through
atomistic simulations. Extending to higher pressures, SANS reveilles a gas densification in
mesopores, yet to a much lower degree compared to the ultramicropores. One major obstacle
when interpreting elastic scattering signals is the separation of the coherent and incoherent
scattering contribution. As only ortho-hydrogen is contributing to the strong incoherent signal
and that the ratio of para-orthro hydrogen is subject to thermodynamic equilibration and
catalytic transformation, further studies would benefit from an experiment just observing the
scattering at high scattering vectors to track the evolution of the incoherent signal. Such

experiments, and the combination of INS can help to further unravel the time-dependency of
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the ortho-para transition as a function of pore size distribution and heteroatom concentration.
Further experiments using single spin-isomer adsorption could help to elucidate spin-trapping

effects.

The last part of this thesis integrates molecular simulations to complement experimental
elastic neutron scattering observations, providing insight into the confinement-dependent
adsorption mechanisms. By employing realistic atomistic models of nanoporous carbons, the
study identifies preferred adsorption sites, demonstrating that highly defective regions
enhance local hydrogen density. A comparison of simulated and experimental scattering data
reveals that while deuterium (D,) follows the predicted adsorption trends, hydrogen (H>)
exhibits unexpected clustering effects, likely due to spin-isomer interactions not fully
accounted for in the existing interaction potentials. In particular, ortho-H,, which possesses a
permanent quadrupole moment, may undergo anisotropic interactions with the carbon
surface, leading to ordered phase formation and clustering within narrow pores. These
findings suggest that current adsorption models, based on classical physisorption assumptions,

fail to fully capture the complex quantum effects governing H, adsorption in confinement.

To further investigate these discrepancies, heuristic Monte Carlo simulations were performed,
manipulating H,-H; and H,-C distances within the nanoporous carbon models. While these
simulations successfully reproduced certain trends observed in the neutron scattering data,
no configuration led to a fully satisfactory agreement with experiment. Interestingly, when H,
molecules were arranged into icosahedral clusters, the simulated scattering profiles
gualitatively resembled the experimental data, further supporting the hypothesis that H, may
form localized clusters rather than homogeneously filling the pore space. This phenomenon is
not captured in standard adsorption models, emphasizing the need for more refined atomistic
potentials that incorporate quantum effects, nuclear spin states, and complex fluid-fluid

interactions.

The findings of this thesis contribute to a deeper understanding of hydrogen adsorption in
nanoporous carbons, demonstrating the crucial role of pore structure, surface chemistry, and
isotope-specific interactions in governing storage performance. The results highlight the

importance of ultramicroporosity for achieving high storage densities, while also revealing
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unresolved complexities in heteroatom interactions and quantum effects that require further

study. Future research should focus on:

e Developing more accurate atomistic models that account for functional groups and
surface heterogeneity

e Refining interaction potentials to include quantum nuclear effects and spin-isomer
transitions

e Combining elastic neutron scattering with inelastic and quasi-elastic techniques within
a sample series of similar pore characteristics, yet of different chemical composition,
to further probe the influences on molecular mobility and local structure in

combination with molecular simulations

By bridging the gap between experiment and simulation, this work lays the foundation for a
more comprehensive understanding of nanoporous carbon-based hydrogen storage systems.
The insights gained not only enhance our knowledge of hydrogen-carbon interactions but also
provide a roadmap for the rational design of next-generation hydrogen storage materials,

supporting the broader transition toward a sustainable hydrogen economy.
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8 Declaration of the use of Al-based tools

The purpose of this section is to outline the areas within this thesis where Al-based tools have

been utilized to comply with the “Richtlinie des Vizerektors fiir Lehre und Internationales sowie

des Studiendekans fiir den Einsatz Kl-basierter generativer Werkzeuge” as published in
“Mitteilungsblatt 108” on April 4, 2024.

| would like to point out that the percentages indicated in the following table represent an

estimate of the extent of Al-assisted work. The respective prompts used, and the outputs are

summarized in an additional document. No Al support was utilized for creating diagrams,

figures, schematic drawings, tables, or any other type of illustration.

Table A: Al contribution to different subjects of this thesis

Subject

Al contribution

Tool/Version

Comments

Summarize research

papers

4-5% (based on the 6-8
publications summarized

out of the 145 cited)

LM Notebook

Research papers discussed in section
2.5 as input to summarize their main

conclusions

Enhancement of 35% of the words written ChatGPT/40 ChatGPT was used for enhancement of
language clarity and in this thesis may originate language clarity and paraphrasing
paraphrasing as a result from Al. Yet, the independently written experimental
text within this thesis may details for publications, figure captions,
have been altered from summaries from LM Notebook and
the response from writing of combined paragraphs from
ChatGPT summarized in publications.
the provided additional
Common prompts include:
document.
e Paraphrase this
e  Summarize this
e Combine paragraphs
Conceptualization 2% ChatGPT/40 Conceptualization of paragraphs
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