Adsorption-Induced Deformation of Nanoporous
Materials
— in-situ Dilatometry and Modeling

Dissertation zur Erlangung des
naturwissenschaftlichen Doktorgrades
der Julius-Maximilians-Universitat Wiirzburg

vorgelegt von
Christian Balzer

aus Fulda

Wiirzburg 2017




Eingereicht am: 12. Juli 2017
bei der Fakultéit fir Physik und Astronomie

1. Gutachter: Prof. Dr. Vladimir Dyakonov
2. Gutachter: Prof. Dr. Oskar Paris

3. Gutachter: -

der Dissertation

Vorsitzender: Prof. Dr. Karl Mannheim

1. Priifer: Prof. Dr. Vladimir Dyakonov
2. Priifer: Prof. Dr. Oskar Paris

3. Priifer: Prof. Dr. Haye Hinrichsen
im Promotionskolloquium

Tag des Promotionskolloquiums: 27. Oktober 2017

Doktorurkunde ausgehandigt am:



Summary

The goal of this work is to improve the understanding of adsorption-induced
deformation in nanoporous (and in particular microporous) materials in order to
explore its potential for material characterization and provide guidelines for related
technical applications such as adsorption-driven actuation. For this purpose
this work combines in-situ dilatometry measurements with in-depth modeling
of the obtained adsorption-induced strains. A major advantage with respect to
previous studies is the combination of the dilatometric setup and a commercial
sorption instrument resulting in high quality adsorption and strain isotherms.
The considered model materials are (activated and thermally annealed) carbon
xerogels, a sintered silica aerogel, a sintered hierarchical structured porous silica
and binderless zeolites of type LTA and FAU; this selection covers micro-, meso-
and macroporous as well as ordered and disordered model materials.

All sample materials were characterized by scanning electron microscopy, gas
adsorption and sound velocity measurements. In-situ dilatometry measurements
on mesoporous model materials were performed for the adsorption of Ny at 77 K,
while microporous model materials were also investigated for C'Oy adsorption at
273 K, Ar adsorption at 77 K and H,O adsorption at 298 K. Within this work
the available in-situ dilatometry setup was revised to improve resolution and
reproducibility of measurements of small strains at low relative pressures, which
are of particular relevance for microporous materials.

The obtained experimental adsorption and strain isotherms of the hierarchi-
cal structured porous silica and a micro-macroporous carbon xerogel were
quantitatively analyzed based on the adsorption stress model; this approach,
originally proposed by Ravikovitch and Neimark, was extended for anisotropic
pore geometries within this work. While the adsorption in silica mesopores could
be well described by the classical and analytical theory of Derjaguin, Broekhoff and
de Boer, the adsorption in carbon micropores required for comprehensive nonlocal
density functional theory calculations. To connect adsorption-induced stresses
and strains, furthermore mechanical models for the respective model materials
were derived. The resulting theoretical framework of adsorption, adsorption stress
and mechanical model was applied to the experimental data yielding structural
and mechanical information about the model materials investigated, i.e., pore
size or pore size distribution, respectively, and mechanical moduli of the porous
matrix and the nonporous solid skeleton. The derived structural and mechanical
properties of the model materials were found to be consistent with independent
measurements and/or literature values. Noteworthy, the proposed extension of
the adsorption stress model proved to be crucial for the correct description of the



experimental data.

Furthermore, it could be shown that the adsorption-induced deformation of
disordered mesoporous aero-/xerogel structures follows qualitatively the same
mechanisms obtained for the ordered hierarchical structured porous silica. How-
ever, respective quantitative modeling proved to be challenging due to the ill-shaped
pore geometry of aero-/xerogels; good agreement between model and experiment
could only be achieved for the filled pore regime of the adsorption isotherm and
the relative pressure range of monolayer formation. In the intermediate regime of
multilayer formation a more complex model than the one proposed here is required
to correctly describe stress related to the curved adsorbate-adsorptive interface.
Notably, for micro-mesoporous carbon xerogels it could be shown that micro- and
mesopore related strain mechanisms superimpose one another.

The strain isotherms of the zeolites were only qualitatively evaluated. The
result for the FAU type zeolite is in good agreement with other experiments re-
ported in literature and the theoretical understanding derived from the adsorption
stress model. On the contrary, the strain isotherm of the LTA type zeolite is rather
exceptional as it shows monotonic expansion over the whole relative pressure range.
Qualitatively this type of strain isotherm can also be explained by the adsorption
stress model, but a respective quantitative analysis is beyond the scope of this work.

In summary, the analysis of the model materials’ adsorption-induced strains
proved to be a suitable tool to obtain information on their structural and mechani-
cal properties including the stiffness of the nonporous solid skeleton. Investigations
on the carbon xerogels modified by activation and thermal annealing revealed
that adsorption-induced deformation is particularly suited to analyze even small
changes of carbon micropore structures.
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Zusammenfassung

Ziel dieser Arbeit ist es, dass Verstdndnis der adsorptionsinduzierter Deforma-
tion von nanopordsen (insbesondere mikropordsen) Materialien zu erweitern,
um ihr Potenzial fiir die Materialcharakterisierung zu erforschen. Zusatzlich
sollen Orientierungshilfen fiir technische Anwendungen, wie z.B. adsorptions-
getriebene Aktuatoren, bereitgestellt werden. Hierfiir kombiniert diese Arbeit
in-situ Dilatometriemessungen und detaillierte Modellierung der gemessenen ad-
sorptionsinduzierten Dehnungen. Der wesentliche Vorteil dieser Arbeit gegentiber
vorherigen Studien ist die Kombination des dilatometrischen Messaufbaus mit einer
kommerziellen Gasadsorptionsanlage, was die Messung qualitativ hochwertiger
Adsorptions- und Dehnungsisothermen erlaubt. Die betrachteten Materialsysteme
sind (aktivierte und geglithte) Kohlenstoffxerogele, ein gesintertes Silica-Aerogel,
ein gesintertes, hierarchisch strukturiertes, poroses Silica und binderlose Zeolithe
der Typen LTA und FAU. Diese Auswahl umfasst mikro-, meso- und makroporose
ebenso wie geordnete und ungeordnete Modellmaterialien.

Alle Modellmaterialien wurden mit Rasterelektronenmikroskopie, Gasadsorp-
tion und Schallgeschwindigkeitsmessungen charakterisiert.  In-situ Dilatome-
triemessungen an mesoporosen Modellsystemen wurden fiir No-Adsorption bei
77 K durchgefithrt, wahrend alle mikroporésen Modellsysteme zusatzlich bei
C'Oy-Adsorption (273 K), Ar-Adsorption (77 K) und H>O-Adsorption (298 K)
untersucht wurden. Der verfiigbare Messaufbau fiir in-situ Dilatometrie wurde
im Rahmen dieser Arbeit weiterentwickelt, um Auflosung und Reproduzierbarkeit
der Messungen von kleinen Dehnungen zu verbessern, was insbesondere fiir
mikroporose Materialien von Bedeutung ist.

Die experimentellen Adsorptions- und Dehnungsisothermen des hierarchisch
strukturierten, pordsen Silicas und des mikro-makroportsen Kohlenstoff-Xerogels
wurden mit dem adsorption-stress-Modell quantitativ ausgewertet. Hierfiir wurde
das adsorption-stress-Modell, urspringlich eingefithrt von Ravikovitch et al., fiir
die Verwendung von anisotropen Porengeometrien erweitert. Wéahrend die der
Deformation zu Grunde liegende Adsorption im Fall des mesopordsen Silicas gut
mit der klassischen und analytischen Theorie von Derjaguin, Broekhoff und de Boer
beschrieben werden konnte, erforderte die Adsorption in den Kohlenstoffmikroporen
umfassende Berechnungen mittels nichtlokaler Dichtefunktionaltheorie. Um die
adsorptionsinduzierten Spannungen mit entsprechenden Dehnungen zu korrelieren,
wurden zuséatzlich mechanische Modelle fiir die untersuchten Materialien entworfen.
Das resultierende theoretische Konstrukt aus Adsorptions-, adsorption-stress- und
mechanischem Modell wurde auf die ermittelten experimentellen Daten angewandt
und strukturelle und mechanische Eigenschaften der Modellmaterialien bestimmt,
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d.h. Porengréfie bzw. Porengréflenverteilung sowie die mechanischen Module der
porosen Matrix und des unporosen Festkorperskeletts. Es konnte gezeigt werden,
dass die ermittelten Materialeigenschaften konsistent mit unabhéngigen Messungen
und/oder Literaturwerten sind. Hierbei ist zu beachten, dass sich die Erweiterung
des adsorption-stress-Modells fiir eine korrekte Auswertung der experimentellen
Daten als zwingend erforderlich erwies.

Des Weiteren konnte gezeigt werden, dass die adsorptionsinduzierte Deformation
von ungeordneten mesoporosen Aero-/Xerogelstrukturen qualitativ denselben
Mechanismen folgt, die fiir das geordnete, hierarchisch strukturierte, porose Silica
identifiziert wurden. Die entsprechende quantitative Modellierung erwies sich
allerdings als schwierig, da die Poren in Aero-/Xerogelstrukturen geometrisch
schlecht zu fassen sind. Gute Ubereinstimmung zwischen Modell und Experiment
konnte nur fir das Stadium gefiillter Poren und den relativen Druckbereich der
Monolagenbildung erzielt werden. Der Zwischenbereich der Multilagenadsorp-
tion erfordert ein komplexeres Modell, um die Spannung quantitativ korrekt zu
beschreiben, die sich auf Grund der gekriimmten Adsorbat-Adsorptiv-Grenzfliache
im Material ausbildet. Mit Hinblick auf mikro-mesoporose Kohlenstoffxerogele
konnte gezeigt werden, dass sich dort Deformationsmechanismen von Mikro- und
Mesoporen tiberlagern.

Die Dehnungsisothermen der Zeolithe wurden nur qualitativ ausgewertet. Das
Ergebnis fiir den Zeolithen vom Typ FAU stimmt gut mit anderen in der Literatur
beschriebenen Experimenten und dem theoretischen Versténdnis tiberein, das sich
aus dem adsorption-stress-Modell ergibt. Im Gegensatz dazu ist die gemessene
Dehnungsisotherme des Zeolithen vom Typ LTA eher ungewohnlich, da sie
monotone Expansion des LTA-Zeolithen iiber den gesamten Druckbereich zeigt.
Qualitativ kann dieses Ergebnis ebenfals mit dem adsorption-stress-Modell erklart
werden, aber eine detaillierte, quantitative Analyse iibersteigt den Rahmen dieser
Arbeit.

Insgesamt erweist sich die Analyse der adsorptionsinduzierten Dehnungen der
Modellmaterialien als geeignetes Mittel, um Informationen iiber deren strukturelle
und mechanische FEigenschaften zu erlangen, was auch die Steifigkeit des un-
porosen Festkorperskeletts miteinschliet. Desweiteren zeigen Untersuchungen an
aktivierten und gegliihten Kohlenstoffxerogelen, dass adsorptionsinduzierte Defor-
mation insbesondere geeignet ist, um kleine Anderungen an Mikroporenstrukturen
zu analysieren.
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1. Introduction

The process denoted as adsorption describes the enrichment of fluid matter in
the vicinity of a solid surface and is particularly pronounced for nanoporous ma-
terials, since they typically provide specific solid-fluid interfaces above 100 m?/g.
Nowadays, nanoporous materials and their adsorption properties are intensively
applied in various technological fields such as desiccation, gas separation, liquid
purification, pollution control and respiratory protection. Beyond these direct
applications of adsorption, gas adsorption measurements are still one of the
technically and scientifically most wide spread and established methods for the
structural characterization of nanoporous materials. Comprehensive information
on adsorption and its applications is found in various textbooks, e.g. [1-3].

An effect intrinsically connected to adsorption is adsorption-induced deformation,
which denotes structural changes of a porous solid caused by the adsorption
process. Adsorption-induced deformation has been reported for essentially any
nanoporous material commonly used including synthetic carbons [4-15], coals
[16-24], porous glasses/silica [25-33], zeolites [34-37|, vermiculites [38], porous
silicon [39-41] and metal organic frameworks (MOFs) [42, 43]. With the exception
of MOFs, the observed volumetric strain of the nanoporous material was mostly
found to be on the scale of per mill to percent and therefore adsorption-induced
deformation is currently neglected in most theoretical considerations and technical
applications. A comprehensive review about adsorption-induced deformation was
recently given by Gor et al. [44].

Historically, the first scientific reports of adsorption-induced deformation date
back nearly a century: in 1921 Whipple investigated the functionality of a hair
hygrometer based on capillary effects [45] and in 1927 Meehan performed seminal
measurements of the deformation of coal caused by C'O, adsorption [16]. Meehan’s
results inspired Bangham and co-workers [46] to launch into comprehensive studies
of coal deformation induced by various gases and vapors [17, 47-50]. As Meehan
before, Bangham investigated adsorption-induced deformation dilatometrically
on monolithic coal pieces. Furthermore, Bangham derived a very fundamental
explanation for the observed coal deformations nowadays often referred to as
Bangham’s law, i.e., the reduction of the coal’s surface energy by the adsorption
[51]. Following Bangham’s law adsorption should always cause the adsorbing ma-
terial to expand. However, in the late 1940s and 1950s this concept was challenged
by more refined dilatometric studies on coal [18, 19, 52] and porous glass [25],
which exhibited stages of contraction during the adsorption process. Based on the
available understanding of nanoporosity, qualitative explanations for the apparent
failure of Bangham’s law were suggested: in coal the pore size of the majority of
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pore volume is similar to the size of the adsorbing molecules, which therefore can
form contracting "bridges" between opposing pore walls [20]. In porous glass on
the other hand, the pores are significantly larger, but here the adsorbed molecules
may form menisci resulting in capillary stress [25]. At this point the scientific
activity in the field of adsorption-induced deformation receded. In the 1970s dilato-
metric measurements on zeolites during the adsorption of water and noble gases
[34-37] complemented the already existing experimental data by another class of
materials, but no significant progress in understanding the available data was made.

The interest in adsorption-induced deformation reignited around the year
2000 and was fueled by various - in some cases still ongoing - developments, which
can be roughly grouped into three categories:

(i) Firstly, nanoporous materials and applications emerged, where adsorption-
induced deformation had an acute impact. Omne of the first examples for this
category are silica aerogels, which advanced to a technologically relevant class of
nanoporous materials in the 1980s and 1990s [53]. Soon it became evident that
gas adsorption measurements failed severely in characterizing the structure of low
density aerogels [54] and different attempts were made in order to explain the
contradicting results (see e.g. ref [55]). In 2000 Reichenauer and Scherer elucidated
this issue by means of in-situ dilatometry measurements during Ns adsorption
at 77 K: here the silica aerogel underwent massive reversible adsorption-induced
strain exceeding 40 vol% and thus the obtained adsorption isotherm was superim-
posed by significant deformational artifacts [27, 56, 57]. The results of Reichenauer
and Scherer were later reproduced for He and Ne adsorption [29].

Another class of materials, which became popular in recent years and re-
vealed significant adsorption-induced deformation, are metal organic frameworks
(MOFs) [58]. Similar to silica aerogels the adsorption-induced strains of MOFs
are larger than for most other nanoporous materials; X-ray diffraction patterns
of dried and humidity conditioned MOFs revealed changes of pore sizes of nearly
100% [42]. Thus adsorption isotherms of MOFs may be significantly affected by
continuous or steplike structural changes [59]; very recently adsorption-induced
deformation in MOFs was even suggested to be capable of causing negative gas
adsorption [43].

Apart from the development of new nanoporous materials also long known
materials and their adsorption-induced deformation returned to the focus of
interest. KE.g. within the context of climate change, the underground geological
storage of COy was discussed [60]. Here the options considered include the
injection of C'O, into coal beds unsuitable for mining in order to store it there
and potentially extract C'H, bound within the coal bed. However, during the C'O,
injection the permeability of the coal reduces significantly hampering the overall
process [61]. Lab experiments with coal cores by Pini et al. [24] and Mazumder et
al. [22, 23] suggested that adsorption-induced contraction of the transport pores



within coal is the origin of this issue.

Another rather new scientific field is the development of adsorption-driven
actuators and sensors [62-64]. Since the adsorption-induced strains of most
nanoporous materials are below 1 vol% the reported prototypes utilize bilayer and
cantilever arrangements to amplify the displacement. The nanoporous materials
used in the above given references were porous silica in form of thin films.

(i) The second category of developments are experimental approaches be-
yond the traditional dilatometry to access adsorption-induced deformation: in
1996 Dolino et al. applied X-ray diffraction to access the adsorption-induced
deformation of porous silicon interpreting shifts of diffraction peaks during the
adsorption process as adsorption-induced strains [39]. The same concept was
applied a few years later to MOFs [42]. Noteworthy, only materials with a signifi-
cant degree of order exhibit diffraction peaks of sufficient sharpness to resolve the
typically small adsorption-induced strains. Thus adsorption-induced deformation
of the rather disordered nanoporous materials most commonly used can only be
analyzed by diffraction or scattering techniques, if their respective strains are
rather large (as e.g. for silica aerogels [65]). However, X-ray diffraction allows
for investigations of adsorption-induced deformation on the microscopic scale of
atomic lattices and pores and thereby provides information complementary to the
dilatometric technique. Furthermore, many newly developed nanoporous materials
are not naturally available as monolithic samples as required for dilatometric
measurements but only in form of powder. Prominent examples for this are
MCM-41 [66] and SBA-15 [67], which were developed in the 1990s and became
stimulating nanoporous model systems due to their well-defined pore structure and
ordered porosity. The adsorption-induced deformation of MCM-41 and SBA-15
was studied extensively by angle X-ray scattering by Paris and co-workers during
the adsorption process in analogy to the previous work of Dolino et al. [30-32, 68].

In 2002 another experimental approach to adsorption-induced deformation
was reported by Mogilnikov and Baklanov via ellipsometric porosimetry [28].
Similar to dilatometry this method measures adsorption-induced deformation on
the macroscopic scale of the nanoporous material, however, it can be applied
to very thin films. On the other hand, due to its optical nature ellipsometric
porosimetry requires for transparent materials thereby limiting its applicability.

(iii) The last but not least category is the advancement of theoretical and
computational methods and their application to adsorption-induced deformation.
After the year 2000 a considerable number of theoretical studies investigated
adsorption-induced stress in nanopores and the consecutive adsorption-induced
strain of nanoporous solids [32, 40, 41, 69-98]. The majority of these studies
focused on carbon micropores and silica mesopores. One of the most significant
contributions to the field was presented in 2006 by Ravikovitch and Neimark [70],
who suggested a thermodynamic approach nowadays known as adsorption stress
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model. In following years the adsorption stress model was applied to explore the
adsorption-induced deformation of various types of materials including zeolites
[70], carbons [75], mesoporous silica [79, 84] and MOFs [81]. The advantages of the
adsorption stress model over other approaches were its universal character and its
compatibility with atomistic computational based methods such as density func-
tional theory calculations and Monte Carlo simulations, which by now advanced
to the state of the art adsorption models.

Against the background outlined above, the work at hand aims to comple-
ment the current understanding of adsorption-induced deformation in two ways:
the first part is the preparation of a solid experimental foundation for studies
on adsorption-induced deformation. For this purpose combined measurements
of adsorption and in-situ dilatometry were performed on model materials, i.e.,
synthetic microporous carbons and mesoporous silica. A major advantage of the
experimental setup refined and used in this work is its capability to simultane-
ously measure a sample’s adsorption-induced strain and adsorption isotherm. In
particular the instruments resolution of gas pressure surpasses other dilatometers
reported in literature for studies of adsorption-induced deformation. The second
part of this work is the application of the currently available models for adsorption-
induced deformation to the obtained experimental data. The goals of this part
are the validation or revision, respectively, of the most accepted concepts for
adsorption-induced deformation and the exploration of its potential for a refined
characterization of nanoporous materials. Given the success of the adsorption
stress model by Ravikovitch and Neimark special focus was put on this approach.



2. Theoretical Background

This section gives a brief summary of the physical concepts forming the foundation
of this work. Of particular importance are the porous solid with respect to
its internal structure and mechanical properties as well as the phenomena of
adsorption and adsorption-induced deformation including quantitative models for
their respective description.

Since this work deals exclusively with gas adsorption, the terminology used
follows the recommendations of the International Union of Pure and Applied
Chemistry (IUPAC) for physisorption of gases [99].

2.1. The Porous Solid

2.1.1. Structure

A porous solid of specific bulk volume Vj, = 1/p,, consists of a nonporous solid phase,
often denoted as skeleton or backbone, of specific volume V; = 1/ps and a specific
pore volume V,. Here p, and p, are the bulk (or apparent) density of the porous
solid and the density of its nonporous skeleton, respectively. The specific volumes
and densities are related by

1 1
V===V, + V=V, + . 2.1
' Po 8 " ps (2.1)

The ratio of specific pore volume to specific bulk volume is the porosity ¢ [3]:

Vo Pb

) v 1 . (2.2)

Other quantities typically used to define a porous solid are its specific surface area

S = Ag/my, i.e., the area of the skeleton-pore interface A, per skeleton mass m,

and the pore size (either as an average value or as a volumetric distribution). For

given pore volume, specific surface area and pore size are related by the geometry

of the pores within the porous solid. The most commonly used pore geometries are

the slit-shaped pore, the cylindrical pore and the spherical pore. The slit-shaped

pore is defined by its pore width w, while the cylindrical and the spherical pore are
defined by their respective diameter d, leading to [3]

V,=S5/2-w for slit-shaped pore, (2.3a)
V,=5/4-d, for cylindrical pore, (2.3b)
V,=.5/6-d,  for spherical pore. (2.3¢)
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The TUPAC classifies pores with respect to their size [99] into micropores (w,
d, < 2 nm), mesopores (2 nm < w, d, < 50 nm) and macropores (w, d, > 50
nm). Furthermore micropores are subdivided into wltramicropores (w, d, < 0.7
nm) and super micropores (0.7 nm < w, d, < 2 nm), while all pores smaller than
100 nm are denoted as nanopores. The total pore volume of many real porous solids
exhibits contributions of several pore classes, which are often related to different,
structurally distinguishable levels of the porous solid. In these cases the total pore
volume and the total specific surface area can be subdivided into micro-, meso- and
macropore volume (Vyic, Vineso 5 Vinae) and respective specific surface areas (Syc,

Smesm Smac):

‘/p = Vmic + Vmeso + Vma07 (24)

S = Smic + Smeso + Smac- (25>

In analogy to Eq. 2.3 the specific surface area may also be related to structural
entities forming the related porous phase (assuming structural entities can be clearly
defined). In this work the relevant structures are spherical particles of diameter dpq,+
and density ppq¢ as well as long cylindrical rods of diameter d,.q and density proq
[1]. The characteristic size of these structures is related to specific surface area and
density by

6

dpart = 5 for spherical particle, (2.6a)
* Ppart
4
Arog = for cylindrical rod. (2.6Db)
S * Prod

Eq. 2.6b implies that the area of the rod’s front sides is negligible.

2.1.2. Mechanical Properties

The mechanical properties of an isotropic and homogenous solid (porous or non-
porous) are fully defined by two independent parameters [100]. In this work the
mechanical parameters used are the Young’s modulus F, the Poisson’s ratio v and
the bulk modulus K, where [100]

E=3K(1-2v). (2.7)

The mechanical properties of a porous solid are also related to its internal struc-
ture and the mechanical properties of its nonporous backbone. In this context the
model by Gibson and Ashby originally proposed for open-celled foams in the regime
of linear elasticity is often used [101]:

B _ Caa ('Ol)) =Caa(1—9)". (2.8)



2.1. The Porous Solid

Figure 2.1.: 3D schematics of the Gibson-Ashby model (left) and an aero-/xerogel struc-
ture (right).

Here E), and E, are the Young’s moduli of the bulk porous solid and its non-
porous skeleton, respectively, and Cg4 is a constant depending on the structural
details of the backbone. Evaluating large quantities of data for rigid polymers,
elastomers, metals and glasses Gibson and Ashby found Cs4 to be approximately
1 for the majority of materials [101].

A class of materials, which is not in line with the Gibson-Ashby model but
of particular importance for this work, are aero- and xerogels [53]. As was
experimentally shown in ref [102] for this type of material the scaling of Ej with
the bulk denisty p, is given by

Ey pb>a
=(2) 2.9
Ey (PO (29)

where « is a scaling exponent in the range of 2 to 4, while Fy and pg are Young’s
modulus and density of a reference point, which does not necessarily correspond
to the nonporous solid skeleton. The difference between the Gibson-Ashby model
and aerogel like structures is the interconnectivity of the skeleton (compare Fig-
ure 2.1): within the Gibson-Ashby model it is assumed that the skeleton is fully
interconnected in the form of straight-lined beams causing mechanical load to be
evenly distributed throughout the porous structure. Contrary, the skeleton of aero-
and xerogels exhibits distorted connections, which are more prone to bending than
beams, and dead ends, which do not contribute to the mechanical stiffness of the
porous solid at all. Notably, since the scaling exponent « is found empirically, Eq.
2.9 should only be applied in the bulk density range used for the determination of
.
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2.2. Adsorption

2.2.1. Fundamentals and Terminology

An effect of particular relevance for porous solids is the phenomenon of adsorption
describing the accumulation of atoms or molecules in the vicinity of a solid surface,
when the solid is brought into contact with a fluid. The atoms or molecules ad-
sorbed on the solid surface are denoted as adsorbate, while the atoms and molecules
in fluid form (not adsorbed) are the adsorptive. The solid brought in contact with
the fluid is the adsorbent. The reverse process of adsorption, i.e., a decrease of the
amount adsorbed on the solid surface, is denoted as desorption. Depending on the
nature of the adsorption process it is referred to as physisorption or chemisorption.
Physisorption is exothermic, fully reversible and based on attractive dispersion
forces or specific molecular interactions arising e.g. from polarization or dipoles.
Chemisorption on the other hand describes adsorption involving the formation of
chemical bounds between the adsorbate and the adsorbent. In this work adsorption
is always considered to be physisorption. On a side note, adsorption has to be
distinguished from absorption, where matter is incorporated by a solid or fluid
without the possibility to define a clear phase boundary.

In the context of porous solids it is furthermore important to distinguish
between open and closed porosity: if the porosity of a porous solid can be entered
by a fluid it is open porosity in contrast to closed porosity, which is not accessible
to the fluid. The attributes open and closed are connected to specific fluids, as a
material’s porosity may be open for one fluid but closed for another. This work
always considers porosity to be open, if not explicitly stated otherwise.

The adsorption properties of a porous solid for a gas are characterized by
the adsorption isotherm, i.e., the amount of adsorbate within the porous solid! N,
as a function of the relative gas pressure p/py at thermodynamic equilibrium for
given temperature T'. Here p is the (partial) gas pressure and py is the saturation
pressure of the adsorptive at temperature 7. Notably, experimental adsorption
isotherms are commonly given as specific adsorption N,/Msample, Where mgampie 18
the mass of sample investigated, which in turn is equal to the mass of its nonporous
skeleton mg. Furthermore, measurements of adsorption isotherms typically begin
at the lowest possible partial pressure of the adsorptive and stepwise increase the
relative gas pressure above the adsorbent up to the equilibrium gas pressure of
p/po = 1. Following the highest gas pressure the adsorption measurement may
be complemented by a series of decreasing gas pressures steps. This leads to a
two-part adsorption isotherm with an adsorption and a desorption branch. In
particular the adsorption isotherms of mesoporous materials may exhibit hystereses
between their adsorption and desorption branches. The classification of adsorption
isotherms according to the IUPAC recommendations is shown in Figure 2.2.

!Generally one has to distinguish between absolute and excess amount of adsorbate, however, for all
situations considered in this work both quantities are essentially identical. Compare ref [103].
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Figure 2.2.: ITUPAC classification of adsorption isotherms [99] ©2015 IUPAC & De
Gruyter. Adsorption isotherms of types I(a) and I(b) are associated with
microporous materials, adsorption isotherms of types IV(a), IV(b) and V
with mesoporous materials and adsorption isotherms of types II, III and VI
with macroporous materials.

2.2.2. Micropores

Micropores are pores of less than 2 nm in size, which are further subdivided into
super micropores (size between 0.7 and 2 nm) and ultramicropores (size below
0.7 nm) [98]. The definition of micropores as a separate class of pores is due to
the fundamentally different adsorption isotherms of microporous materials when
compared to meso- and macroporous ones: microporous materials usually exhibit
type I adsorption isotherms (Figure 2.2) featuring pore filling at very low relative
pressures [1]. The exceptional adsorption behavior of micropores results from short
distances between pore walls, which are comparable to the effective range of the
attractive dispersion forces between adsorptive and adsorbent. As a consequence
the attractive potentials of different pore walls overlap within a micropore resulting
in significantly enhanced attraction for the adsorptive [104] (compare Figure 2.3).
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In this work, adsorption of gas molecules in micropores was described by
nonlocal density functional theory (NLDFT), which was introduced for adsorption
phenomena by Tarazona [105, 106]. A comprehensive review on NLDFT and its
application in the context of adsorption was recently given in ref [107]. The general
concept of NLDFT calculations is the derivation of the spatial adsorbate density
distribution p, within a pore for given fluid-fluid and solid-fluid interactions by
numerical minimization of the grand potential €2, of the adsorbate:

Q[P (1) = Futct [pa (D) + Frvavss [pa (M) 4 [ pu (1) Vst (v) = ) . (2:10)

Here Fjjeq and F...ss are the free energy contributions of the adsorbate due
to ideal gas behavior and fluid-fluid interaction, respectively, p is the chemical
potential and r is the position vector within the pore. With respect to adsorption
measurements the chemical potential is typically calculated for the experimental
conditions defined by relative pressure and temperature, = R,T - In(p/po), where
R, is the gas constant. The integral term in Eq. 2.10 describes the interaction of
the adsorbate with an (external) mean field U,,; resulting from the presence of an
adsorbent.

Typically fluid-fluid as well as solid-fluid interaction exhibit long ranged at-
traction and short ranged repulsion (compare Figure 2.3 and Appendix A). For
the calculations performed in this work the attractive fluid-fluid interaction was
modeled by the Weeks-Chandler-Andersen perturbation scheme [108] and the
short ranged hard sphere repulsion by the RLST version [109] of Rosenfeld’s
fundamental measure theory [110]. In previous works this model for fluid-fluid
interaction was validated against experimental data for liquid vapor equilibrium
pressure and densities as well as surface tension of the unconfined fluid [111].

The quantitative description of the solid-fluid interaction requires a model for the
geometry of the micropores. Since the microporous materials investigated in this
work were nearly exclusively carbons, the micropores within NLDFT calculation
were modeled as slits consisting of two parallel opposing surfaces. The external
solid-fluid potential of a slit-shaped carbon micropore is the superposition of the
Steele potentials Ugieere [112] of both walls:

Uecat (Z) = Usteele (Z) + Usteete (wcc - Z) . (211)

2 /0 10 o 4 0.4
U eele \ % =2 Es 2 A ( Sf) — <Sf) — sf . 2.12
Steele (2) = 2Tpyesyogy [5 . p, 3A (0614 1 2)° (2.12)

Here w.,. = w + 0. is the distance between the centers of carbon atoms in
opposing pore walls with o.. = 0.34 nm being the effective diameter of a carbon
atom. The Steele potential describes solid-fluid interaction due to Van der Waals
interaction and was derived for the adsorption on a plain graphite surface. Here

10
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Figure 2.3.: Steele potential for Ar (left) and micropore potentials for Ar and pore widths
of w equal to 0.3, 0.4, 0.5 and 0.6 nm (right).

pg is the number density of graphite, A is the interlayer distance of graphite and
es¢ and oy are parameters for range and depth of the Steele potential. Numerical
values for the parameters of the Steele potential were taken from Ravikovitch
et al. [113], where they were validated against experimental adsorption data
on Sterling graphite. Figure 2.3 shows the Steel potential for the interaction
with Ar atoms and the resulting external solid-fluid potentials for slit-shaped
micropores of various widths. For numerical calculations solid-fluid interaction is
typically cut-off for distances larger than 100, which is larger than any micropore.

A summary of the molecular models for the fluid and explicit parameters
used for NLDFT calculations is given in the Appendix A.

From the results of NLDFT calculations, surface specific adsorption isotherms
Nyrprr (p/po) for micropores of width w can be derived by spatial integration of
the adsorbate density:

1 Wee
Nnrprr (p/p()vw) = QNA/U Pa (z,p/po,w) dz, (2~13)

where N4 is the Avogadro constant. Many microporous materials exhibit signif-
icant structural disorder, which requires a set of theoretical adsorption isotherms
determined for various values of w. In this case the correlation of experimental and
NLDFT adsorption isotherms is given by the integral adsorption equation (IAE)
[114]:

Wmazx

(p/po) = / Nyrorr (p/po,w) - Saigp (w) dw. (2.14)

Wmin

N,

Msample

Here N,/Msample is the specific experimental adsorption isotherm and Sy is
the specific differential pore area distribution, while w,,;, and w,,,, are the small-
est and the largest pore width considered within NLDFT calculations. Sgfs is
directly related to the specific differential pore volume distribution V¢, the spe-

11
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cific cumulative pore area distribution S.,,, and the specific camulative pore volume
distribution V., of the material investigated by

1
Vaigs (W) = 5 Saigs (w) - w, (2.15)
S () = /w Suaiss (w') du, (2.16)
Ve (0) = [ Viggs () duo'. (2.17)

More advanced models, such as 2-dimensional DFT calculations [115] or quenched
solid density functional theory [116], try to take into the structural or energetic
heterogeneity of the walls; however, the numerical deviations to traditional NLDFT
calculations are rather small in most cases. The limits for the application of DF'T
calculations to adsorption are adsorbates, which exhibit specific interactions with
functional groups on the pore walls (the most prominent example being H>0O) or
cannot be approximated by Van-der-Waals spheres.

2.2.3. Meso- and Macropores

In contrast to micropores, the size of meso- and macropores is significantly
larger than the effective range of adsorbent-adsorptive interaction. Therefore gas
adsorption in meso- and macropores is usually strongly dependent on the fluid-fluid
interaction of the adsorptive, in particular once the surface area of the pore is
fully covered by adsorbate. Mesoporous materials exhibit adsorption isotherms
of type IV or V, while adsorption measurements on macroporous materials result
in type II, IIT or VI adsorption isotherms (Figure 2.2). The distinction between
the adsorption isotherms of meso- and macroporous materials arises from the
experimental resolution of capillary condensation, which describes the spontaneous
filling of the pore volume with adsorbate at a relative gas pressure below p/py = 1.
Capillary condensation separates the adsorption isotherm of mesoporous materials
into two regimes: the film regime, where the pore wall is covered by an adsorbate
film consisting of one or multiple layers of atoms/molecules, and the filled pore
regime, where the entire pore volume is filled by adsorbate except for menisci
at the adsorbate-adsorptive interface at the pore entrances. The adsorption
isotherms of many mesoporous materials exhibit an adsorption hysteresis between
adsorption and desorption branch, i.e., capillary condensation and its reversed
process capillary evaporation occur at different relative pressures.

Generally, models for the adsorption in meso- and macropores are to be separated
into classically models and molecular approaches involving computational and/or
statistical methods. The essential difference between both types of models is
that molecular approaches explicitly calculate the configuration of the adsorbed
atoms/molecules within pores, while classical models assume properties of bulk
liquid for the adsorbed phase. Therefore molecular approaches such as Grand

12



2.2. Adsorption

Figure 2.4.: Adsorbate film of thickness h in a cylindrical pore of radius R.

Canonical Monte Carlo (GCMC) simulations and density functional theory (DFT)
calculations are considered to be superior for the description of adsorption, if the
interaction for the investigated adsorbent-adsorptive combination can be described
adequately within the framework of the respective approach [99]. However, the
advantage of classical models is their analytical formulation, which is often more
instructive than a computational method, in particular for the understanding of
adsorption-induced stress in mesopores discussed in sections 2.3.2 and 2.3.3. In the
following adsorption in meso- and macropores is therefore illustrated within the
framework of the classical Derjaguin-Broekhoff-de Boer (DBdB) theory [117-119]
for pores of cylindrical geometry. The deviations between DBdB theory and
computational models become negligible for pore sizes exceeding about 6 nm [84,
120], since the adsorbate usually tends to liquid like properties for increasing pore
size. From the perspective of modeling a distinction of meso- and macroporous is
not required.

The foundation of the DBdB theory is the superposition of the adsorbate
interaction with a plain adsorbent surface and the capillary effect arising from
the curved adsorbate-adsorptive interface. For a cylindrical pore of radius R at
thermodynamic equilibrium this approach leads to the following relation for the
chemical potential in adsorptive and adsorbate:

p=R,T-In(p/po) = Vi |IL(h) — 1| (2.18)

Here R, is the gas constant, V7, is the molar volume of the adsorptive in liquid

form, IT is the disjoining pressure, 7, is the liquid-vapor surface tension of the

adsorptive, R is the radius of the cylindrical pore and h is the thickness of the
adsorbed layer (Figure 2.4).

The disjoining pressure II is the pressure within the adsorbed film resulting
from the adsorbate-adsorbent interaction, which is assumed to be independent of
the pore geometry. Typically II(h) is determined from experimental data on a
macroporous reference system with similar surface properties and known specific
surface area. The respective procedure is exemplified in the Appendix B.

Solving Eq. 2.18 for the film thickness h results in the function h(p/pg) describing

13
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the adsorption inside the cylindrical mesopore prior to capillary condensation. The
specific adsorption isotherm of the cylindrical pore in film regime Ny fiim/Msampie
is given by

Na, fitm _ Sppap 2Rh(p/po) — h (p/po)’
Msample (p/p[)) B 2‘/L R 7

where Sppip = 2T RL /M sampie 1s the specific surface area of the cylindrical pore of
length L. Due the classical nature of DBdB theory the specific adsorption isotherm
in the filled pore regime N, fiiea/Msampie SIMply corresponds to the situation of a
liquid filled pore:

(2.19)

N pitea  SDBAB R
Msample 2vL

= const. (2.20)

The transitions between film and filled pore regime, i.e., capillary condensation
and evaporation, take place at the film thicknesses h. and h., respectively. Capillary
evaporation occurs at the energetic equilibrium of a pore covered by a film of
thickness h. and a liquid filled pore, which is given the Derjaguin equation

Vv 1 /R / / /
R,T-1 o = -2V R—ARAHII(R) dh'| . 2.21
g n(p /pO) L [R _ he + (R _ he)Q he ( ) ( ) ( )

Here p. denotes the gas pressure corresponding to h, according to Eq. 2.18. Con-
trary to capillary evaporation, capillary condensation results from the spontaneous
collapse of the film state, when the increasing concave curvature of the adsorbate
film cannot be balanced anymore by the solid-fluid attraction. The critical film
thickness for the stability of the film h. is given by

dII (h)
dh

Yiv
+— =0
h=h. (R - h0)2

Noteworthy, for attractive solid-fluid interaction the film thickness of capillary
evaporation h, is always smaller than the film thickness at capillary condensation
h.. Thus for the hysteresis region of the adsorption isotherm, where h, < h < h,,
the adsorbate film is metastable with respect to the liquid filled pore.

(2.22)

2.3. Adsorption-Induced Deformation

Adsorption-induced deformation denotes structural changes of the adsorbent dur-
ing the adsorption process and is an intrinsic part of the adsorption phenomenon,
i.e., no adsorbent is entirely inert to the interaction with the adsorbate [44].
Since the volumetric strain of the porous solid caused by adsorption is below 1 %
for most adsorbate-adsorbent combinations, the models described further below
assume that (i) all deformations are elastic and Hook’s law is applicable, (ii) the
influence of deformation on adsorption is negligible, i.e., it is sufficient to model
adsorption in rigid non-deformable pores (compare ref. [73]).

14
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It should be noted that assumption (i) was recently challenged by Mouhat
et al. [95], who predicted a reduction of the adsorbent’s mechanical stiffness due
to the adsorption process. However, various other studies analyzing experimental
data on adsorption-induced deformation found no contradiction applying Hook’s
law and thus within this work assumption (i) is considered to be valid.

In general, the quantitative description of adsorption-induced deformation
consists of two parts: a thermodynamic model for the stress within the adsorbate
and a mechanical model based on the adsorbent structure to correlate the emerging
stress to the adsorbent strain. However, as pointed out in ref [44] both models
are coupled, since the geometry of the mechanical model includes the pore and
therefore affects the configuration of the adsorbate and ultimately the stress
imposed on the nonporous solid. Nevertheless, historically there are different
concepts for the understanding of adsorption-induced stress, which are summarized
in the following section 2.3.1. Explicit combinations of thermodynamically derived
stresses and mechanical models suitable for the materials investigated in this work
are discussed in sections 2.3.2 to 2.3.4.

2.3.1. Adsorption-Induced Stress in Nanopores

Within the last century several concepts were put forward to derive adsorption-
induced stresses in nanoporous materials. In the following the most accepted and
wide-spread models are presented. A more comprehensive overview was recently
given in ref [44].

Bangham’s Law

The concept nowadays known as Bangham’s law stems from the work of Bangham
and Fakhoury [51] and states that the adsorbent’s strain ¢ is proportional to the
reduction of its surface energy A~v,. The reduction of the adsorbent’s surface due
to the adsorption process in turn is given by the Gibbs adsorption equation:

Ay, () = /_ ; N‘;l(:/) du'. (2.23)
Ay, (h) = /OhH(h’) dh' — h-TL(h). (2.24)

While Eq. 2.23 is the general formulation of the Gibbs adsorption equation [3],
Eq. 2.24 corresponds to the respective formulation within the framework of DBdB
theory [79].

Since according to Eq. 2.23 the surface energy of the adsorbent reduces
monotonically for progressing adsorption, Bangham’s law predicts monotonic ex-
pansion of the adsorbent. The explicit correlation £(A~,) depends on the detailed
structure of the porous material considered. For rather simple structures such
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as spheres or rods correlations of surface energy and strain are e.g. given in ref [121].

As was discussed by various authors (e.g. refs [97, 122, 123]), strictly speaking
the change of the surface stress Af, is the thermodynamic quantity responsible
for the adsorbent deformation instead of the change of surface energy A~,.
While these two quantities can be expected to be numerically very close for most
adsorbate-adsorbent combinations, situations may occur, where Af, and A~
deviate significantly. This issue was recently investigated by Gor and Bernstein
[97]. However, Gor and Bernstein concluded that significant deviations between
surface energy and surface stress are most likely limited to adsorbate-adsorbent
combinations, where site-specific adsorption or the arrangement of the adsorbed
molecules are of particular importance, e.g., the adsorption of H,O on hydroxylated
a-quartz [98].

Capillary Pressure

The capillary pressure? p.., denotes the pressure in adsorbate filled pores arising
from the adsorbate-adsorptive interface at the pore entrance. Capillary pressure is
independent of pore geometry and size and in the context of adsorption experiments
typically given in terms of relative pressure p/py by

R, T
Peap = VLL In (p/po) - (2.25)

Notably, capillary pressure is a classical concept assuming the adsorbate to ex-
hibite the molar volume of free liquid V. With respect to the adsorption-induced
deformation of mesoporous materials 2.25 was successfully applied in various stud-
ies to describe experimental data in the filled pore regime, e.g., refs [27, 28, 30].
As a consequence, the proportionality of experimental strain to the logarithm of
relative pressure is considered a characteristic of adsorbate filled mesopores.

Adsorption Stress Model

The adsorption stress model was originally proposed by Ravikovitch and Neimark
[70] and is based on the minimization of the grand potential of the adsorbate by de-
formation of the pore. Therefore it can be considered a more generalized approach
to adsorption-induced deformation than the previously described concepts. Quan-
titatively, the adsorption stress o, inside a pore is calculated as the derivative of
the grand potential of the adsorbate €, with respect to the (absolute) pore volume
V' at constant temperature 7" and chemical potential p [70]:

o,
oV
Es

(2.26)

Oy = .
T

2The term capillary pressure is not explicitly defined in literature. Depending on the author the term
on right hand side of Eq. 2.25 is denoted as capillary pressure, Laplace pressure or capillary approxi-
mation. In this work the term capillary pressure is used to create a clear distinction from the Laplace
pressure arising from curved liquid-vapor interfaces.
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The grand potential of the adsorbate €2, is given by the Gibbs equation [124]

Q (1, V,T) = Q (1, V,T) = [ N, (4, V,T) dyt, (2.27)
i

where Q(u,, V,T) denotes the reference state of chemical potential p,. and N,
is the amount of adsorbate within the pore. Common reference states are the
dry pore in an evacuated state (y, — —o0) and the wet pore filled with liquid at
saturation (i, = 0). To provide quantitative expressions Eq. 2.27 has to be solved
by an adsorption model appropriate to the adsorption process considered, e.g. Eq.

2.10 in case of NLDF'T calculations.

Depending on the pore geometry considered (sphere [70], cylinder [79] or slit
[75]%) Eq. 2.26 is given by

1 09,
0a= 17 R . for spherical pore, (2.28a)
1 00
=—— fi lindrical 2.2
Oq 5-RL BR . or cylindrical pore, (2.28b)
1 09,
Og = —— for slit-shaped pore. (2.28¢)
A Ow T

Here R is the radius of a spherical or cylindrical pore, L is the length of the cylin-
drical pore, while w and A are width and cross-sectional area of a slit-shaped pore,
respectively. As discussed in a reference related to this work [129], the adsorption
stress model given by 2.26 implies isotropic stress within the pore, which is strictly
speaking only valid for isotropic pore geometries such as spheres. For anisotropic
pore geometries such as cylinders or slits on the other hand, anisotropic adsorption
stress is to be expected. In this context it is important to note that Eq. 2.28b and
2.28¢ correspond to the stress arising normal to the walls of cylindrical and slit-
shaped pores, respectively, while stress orientated parallel to the pore walls is not
explicitly considered and potentially neglected. Ref [129] therefore introduced an
extension of the adsorption stress model distinguishing between adsorption stress
normal to the pore wall o, | and adsorption stress orientated tangential to the pore
wall o,. For the cylindrical pore this approach resulted in:

0, 1 09,
al = — = , 2.2
7 T WVep|,,  20RL OR|,, (2:29)
9, 109, Q, (2.28b)
JCL = — = - = — . .
Sl av;:yl WwT,R 7TR2 (9L T ‘/cyl

3 Eq. 2.28c is closely related to the so-called solvation pressure investigated by various authors, e.g., refs
[71, 125-128], without the context of adsorption-induced deformation.
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Here V,,, = mR*L is the volume of the cylindrical pore. The last equality in Eq.
2.29b follows from the fact that for L > R the adsorbate configuration within the
pore is independent of the pore length and thus 02,/0L is simply €,/L. While
0,4, from Eq. 2.29a is equal to o, from Eq. 2.28b, it was shown in ref [129] that
04 is clearly different from o, thereby illustrating the anisotropy of the stress
within the adsorbate.

Analogous expressions can easily be derived for the slit-shaped pore of vol-
ume Vg = w - A:

0, 1 09,

Og 1 = — = —— ) (2.30a)
a‘/:@lit wT,A A Ow wT
o0 1 09 Q
Oof = — —8 — = Pla) __ha 2.30b
1= Wil @ 04| Vaa (2:300)

In the following Eq. 2.28 is referred to as original adsorption stress model, while
Eq. 2.29 and 2.30 are denoted as extended adsorption stress model.

2.3.2. Cylindrical Meso- and Macropores

This section deals with adsorption-induced stresses and strains in cylindrical
meso- and macropores assuming the idealized structure of a cylindrical tube. The
cylindrical tube as shown in Figure 2.5 is defined by an inner radius R (pore
radius), an outer radius R,,, the respective porosity ¢ = R*/R?,,, the length L
and the pore volume V., = rLR?.

As described in detail in a reference related to this work [129], the modeling
of adsorption-induced stress in cylindrical mesopores is performed by the combina-
tion of the classical DBdB theory (Eq. 2.18 to 2.22) and the extended adsorption
stress model (Eq. 2.29). This approach leads to the anisotropic adsorption stresses
orientated normal and tangential to the cylindrical pore wall, i.e., 0,1 and og,
respectively. Furthermore, both o, and o, have to be separated for the regimes
of the film and filled state due capillary condensation/evaporation (see section
2.2.3). In summary this leads to the following set of equations:

s Ay (h 1 1

Oa,L,film (h) = _% + fyR( ) — Y {R—h - R] s (231&)

2’75 2A’)/5 (h) h2 [ Yiv ] 2 h / / /

ol gim () = — S o n(n) - ——/hnhdh,
O, fitm (I) rt—fr tmIW-z5| " m ), ()( |
2.31b
Oa, L sitted (P/P0) = —% + Po + Peap (P/P0) (2.31c)

25

Oa,l.fitted (P/ Do) = —% + Po + Peap (P/P0) - (2.31d)
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Here h is the thickness of the adsorbate film on the pore wall, v, is the surface
energy of the evacuated solid forming the pore, Av,(h) is the change of the solid
surface energy due to the adsorption process (Eq. 2.23), v, is the liquid-vapor
surface tension of the adsorbate in liquid form, II is the disjoining pressure, 7y
is the surface energy of the liquid covered solid, py the saturation pressure of the
adsorptive and p.q, the capillary pressure according to Eq. 2.25. In the film regime
the correlation between h and p/pg is given by Eq. 2.18.

The adsorption stress in the film regime, i.e., 041 fium (Eq. 2.31a) and o4 fiim
(2.31b), can be interpreted as follows: in the evacuated state the nonporous
wall material of the tube is subject to stress due to its surface energy v,. This
pre-stress is represented by the terms /R and 27v,/R, in Eq. 2.31b and 2.31a,
respectively. The fact, that surface energy related stress in the direction parallel to
the wall is twice as large as normal to the pore wall, is a simple consequence of the
cylindrical pore geometry (compare e.g. ref [121]). When the adsorption process
sets in, the wall material’s surface energy is reduced by A~,, i.e. Bangham’s law
(section 2.3.1), resulting in the stresses Av,(h)/R (Eq. 2.31a) and 2A~4(h)/R (Eq.
2.31b), which cause the material to expand with respect to its evacuated state.
Again the factor of two between the different stress components follows from the
cylindrical geometry of the pore. For the adsorption stress tangential to the pore
walls, 0q fam (Eq. 2.31b), all remaining terms are usually second order effects,
which have quantitatively only minor impact. For the adsorption stress normal to
the pore wall, 0,1 rum (Eq. 2.31a), on the other hand an additional significant
stress contribution occurs, i.e., v, [L/(R — h) — 1/R]. This term is a Laplace stress
arising from the curvature of the adsorbate film in the radial plane of the pore,
which is always negative thereby contracting the pore.

In filled pore regime the pre-stress terms of o, | fired (Eq. 2.31c) and Ta,,filled
(Eq. 2.31d) are related to the surface energy of the liquid covered wall material 7
(in direct analogy to the prestress in the film regime) and the saturation pressure
of the adsorptive py. Furthermore, the stresses normal and tangential to the pore
wall are both directly proportional to capillary pressure peq, (Eq. 2.25), which is
fully in line with the concept of an isostatic capillary pressure.

Of particular importance for a consistent description of the adsorption stress
by Eq. 2.31 is the correlation of the surface energy of dry and wet solid, v, and
Vs, respectively. Here, the Frumkin-Derjaguin equation [130] adapted to the
cylindrical pore geometry [129] is applied:

1 (R
%= /0 (R — ) TI(h)dh. (2.32)
The mechanical response of the cylindrical tube to the adsorption process follows
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Figure 2.5.: Schematic of the cylindrical tube exhibiting the inner radius R, an outer ra-
dius Ryt and length L. Reprinted with permission from ref [129]. Copyright
2017 American Chemical Society.

from the solution of the Lamé problem [129]:

ARout o 1 ¢

T Rew B 1= (2001 = vs0a) (2.33a)
AL 1

6“7” = L = E 1 — ¢ (Oa,H - QVSO-a,L) . (233b>

Here ¢, is the strain of the outer radius of the tube and ¢, is the strain of the
tube length, while E; and v, are the Young’s modulus and Poisson’s ratio of the
nonporous solid forming the tube, respectively. Both F, and v, are assumed to be
constant isotropic properties.

2.3.3. Aero- and Xerogels

The disordered pore and backbone structure of aero- and xerogels (Figure 2.1) is
significantly more complex than the cylindrical tube introduced in the previous
section. Typically, aero- and xerogels materials consist of almost spherical particles
forming a three-dimensional disordered open porous network. The pores defined
by the particle network are usually in the range of meso- and/or macropores
and irregular in terms of shape. In analogy to the cylindrical pore described in
section 2.2.3 the adsorption isotherms of mesoporous aero- and xerogels (and
thereby also the adsorption-induced strains) are to be separated in film and filled
pore regime, whose transitions are given by capillary condensation and evaporation.

For low relative pressures the adsorbate forms an approximately uniform
film on the particles of the aero-/xerogel [131]. In this part of the film regime the
volumetric strain of the network (with respect to the evacuated state) corresponds
to the volumetric expansion of the particles €,4,+, Which results from the reduction
of their surface energy, i.e., Bangham’s law [121]:
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Jpart o QA’YS
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(2.34)

Here 0p4,+ is the volumetric strain due to the change of the surface energy Ax;,
while Kp,+ and Ry, are the bulk modulus and the radius of the spherical particles,
respectively. If the particles are very small and/or significantly fused the adsorbate
may no longer perceive individual particles but rather cylindrical rods. In this case
the volumetric strain of the aero-/xerogel structure is better described by the axial
strain of a cylindrical rod [121]:

1— Vrod Orod - 1— Vrod 2A%
1— 2Vrod Krod B 1— 2V?"od KrodRrod.

Erod = (235)
Here 0,,4 is the axial strain on the cylindrical rod, while K, .4, Roq and v,..q are
the bulk modulus, the radius and the Poisson’s ratio of the rods, respectively.

As was shown by Scherer [55], Salazar [132] and Gommez [131], the adsor-
bate films of neighboring particles eventually merge with progressing adsorption
and create a non-uniform adsorbate film exhibiting segments of convex and
segments of concave curved liquid-vapor interface. In analogy to the cylindrical
pore described in the previous section the different segments are subject to Laplace
stress, whose extent depends on the local curvature of the film. As a consequence,
the explicit formulation of the resulting Laplace stress within an aero-/xerogel
would require for detailed structure and adsorption models in analogy to ref [132].
This represents a non-trivial task, which could not be accomplished within the
scope of this work.

To obtain at least a rough estimate of the aero-/xerogel’s strain due to the
Laplace stress orqpiace the cylindrical pore model from the previous section is used
(compare Eq. 2.31a):

1 1
O Laplace = Vv [R—h - R:| . (236)
Here ~;, is the liquid-vapor surface tension of the adsorbate in liquid form, R
is the radius of the cylindrical pore and h is the thickness of the adsorbate film
within the pore. Since aero-/xerogels do not actually exhibit cylindrical pores, in
this context R and h have to considered model parameters without clear physical
representation. Their numerical values follow from modeling of the aero-/xerogel
adsorption isotherm by DBdB theory for the cylindrical pore (section 2.2.3). Fur-
thermore, it is assumed that deformation of the sol gel network due to the Laplace
stress can be described by an average isotropic pressure on the whole aero- /xerogel
network given by ¢net - Orapiace, Where ¢,¢ is the interparticle porosity of the aero-
/xerogel network (compare ref [27]). The resistance of the porous solid to isotropic
pressure is its bulk modulus Kj. This leads to Laplace stress induced strain €zqpiqce
of the aero-/xerogel
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€ Laplace = Kb Kb m R

Notably, due to the concave interface within the cylindrical mesopore epgpiace 1S
always negative.

. 1 1
Gnet " OLaplace __ Pret o { ] (2.37)

In summary, the overall volumetric strain of the aero-/xerogel network in
the film regime e, fim is therefore given by the superposition of Eq. 2.34/2.35
and 2.37:

Enet, film = Epart/rod + ELaplace- (238)

While above considerations are sufficient for a macroporous aero-/xerogel net-
work, a mesoporous network will eventually exhibit a transition to the filled pore
state via capillary condensation for increasing gas pressure. In the filled pore state
the volumetric strain of the network e, ries (again with respect to the evacuated
state) is described by

1
5net,filled - A€sl + f [anet : pcap - p] . (239)
b

Here Aey describes the strain of the aero-/xerogel network resulting from the
expansion of the particles due to immersion in liquid. Ae, can be determined from
Eq. 2.34 or 2.35 for spherical or strut like particles, respectively, by replacing A~
with the difference of surface energy between dry and wetted solid, v — v (Eq.
2.32). The second term of Eq. 2.39 can be understood as an average capillary
PLessure @pet - Peap (compare ref [27]) and gas pressure p acting upon the entire
porous solid of bulk modulus K.

2.3.4. Disordered Microporous Carbon

Historically, the first attempts to model adsorption-induced deformation of micro-
porous carbon were based on Bangham’s law (Eq. 2.23) [18, 19, 51]; recently this
approach was also combined with Biot’s theory of poromechanics [82]. However,
a large number of experimental reports found microporous carbons to exhibit
nonmonotonic deformation during gas adsorption (e.g. refs [4-6, 10, 18-21]):
they contract for low stages of micropore filling and pass over to expansion with
progressing adsorption. This characteristic behavior cannot be explained by
Bangham’s law, since Bangham’s law does only predict monotonic expansion.*
This apparent contradiction follows from the fact that Bangham’s law considers
adsorption on an individual plane solid surface - a situation fundamentally
different from adsorption in a micropore, where solid-fluid potentials of different
walls overlap (compare section 2.2.2).

4The nonmonotonic deformation of microporous carbons is also found for adsorbate-adsorbent combi-
nations, for which according to Gor and Bernstein the approximation of Bangham’s law should be
valid. Therefore the findings of Gor and Bernstein cannot be considered a general explanation for the
deformational behavior of microporous materials during gas adsorption.
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2.3. Adsorption-Induced Deformation

The pore geometry commonly considered to be the most suitable choice for
microporous carbons with respect to adsorption phenomena is the slit-shaped
pore (e.g. refs [133-135]). Based on this pore geometry Lakhanpal and Flood
qualitatively explained the contraction of microporous materials for low degrees of
pore filling by an attractive bridging of opposing pore walls by the adsorbate [20].
Later it was shown by Ash et al. that an actual bridge of adsorbate between the
walls is not necessary; the presence of the adsorbate between the plates is sufficient
to induce pressure within the pore [136].

In 2006, a quantitative description of the stress induced onto micropores by
the adsorption process was proposed by Ravikovitch and Neimark [70], who
utilized the combination of the original adsorption stress model and NLDFT
calculations. The authors interpreted the nonmonotonic deformation of a spherical
micropore based on the molecular adsorbate-adsorbate and adsorbate-adsorbent
interactions: for low degrees of micropore filling the adsorbates mediates the
long-ranged attractive solid-fluid interaction (compare Figure 2.3) and the pore
contracts, while with progressing adsorption the adsorbate density inside the
micropore increases and eventually the short-ranged repulsive solid-fluid and
fluid-fluid interactions translate into an expansion of the pore.

In 2008, Kowalczyk and co-workers applied the adsorption stress explicitly
to slit-shaped carbon micropores utilizing Eq. 2.28¢ (original adsorption stress
model) in combination with GCMC simulations [75]. This study found that
adsorption stress in slit-shaped micropores is strongly dependent on the width
of the pore due a simple geometric packing effect: if the pore width equals
a multiple of the adsorbate’s molecular/atomic diameter, the packing of the
adsorbate inside the pore is very dense and the short-ranged repulsion of the
interaction potentials causes expansive adsorption stress. However, if the ratio of
pore width and adsorbate diameter is unfavorable, the packing of the adsorbate
is rather loose and the attractive interaction dominates resulting in a contraction
of the pore. Thus, Kowalczyk et al. concluded that the experimentally observed
nonmonotonic deformation of microporous carbons during gas adsorption follows
from the pore size distribution of the carbon, i.e., contracting and expanding
pores are subsequently filled with adsorbate. With respect to the calculation of
the adsorption stress o,, a volumetric averaging over the entire pore volume was
therefore suggested [75]:

1
5a = T /aa (w) - Vigss (w) duw. (2.40)

Here V. is the specific micropore volume of the carbon matrix and Vyrr (Eq.
2.15) is the differential specific micropore volume of pores with width w. The
volumetric strain of the microporous carbon matrix €,, was then correlated to its
effective bulk modulus K,,:
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1
=K

where ¢,,;. is the porosity of the microporous matrix and p is the external gas
pressure. Eq. 2.41 can be interpreted as an effective internal stress ¢,,;. - 0, acting
on the carbon matrix, which is simultaneously compressed by the external gas
pressure p.

Em (Pmic - 0o — D) - (2.41)

Due the shortcomings of the original adsorption stress regarding anisotropic
pore geometries (see section 2.3.1) this work also applies the extended adsorption
stress model to describe the strain of microporous materials. This approach
has not been reported so far and requires a more complex model of the carbon
matrix than used in the original adsorption stress model. The structural model
used in this work is shown in Figure 2.6 and follows from the substructure of
microporous carbons investigated in this work, i.e., carbon xerogels, as described
in refs [137, 138]: the microporous matrix consist of (nonporous) nanometer sized
graphitic domains denoted as microcrystallites, whose interspaces form micropore
volume [138]. For the model, the microcrystallites are assumed to be cubic and
connected edge wise, which has to be considered an approximation [137, 138]. With
respect to modeling of adsorption and adsorption-induced stress it is furthermore
assumed that the wedge-shaped interspaces between the microcrystallites can be
reasonably approximated by a volumetric distribution of slit-shaped pores. The
major advantage of the structure shown in Figure 2.6 compared to the approach
of the original adsorption stress model is its capacity to separate the net strain of
the microporous matrix ¢, into strain resulting from actual deformation of the
nonporous solid skeleton, i.e., the cubic microcrystallites, and its rearrangement:

Em = E€s + Omic * €3- (2.42)

Here the strain €, describes isotropic volumetric changes of the cubic microcrys-
tallites without changes to the cube arrangement, i.e., strain at constant angle /3
(compare Figure 2.6). On the contrary, the strain €5 denotes the change of the
pore volume at constant solid volume, i.e., strain of the matrix due to changes of
the angle 3.

To correlate €, and €5 to the stresses predicted by the extended adsorption
stress model for slit-shaped pores, 0,1 (Eq. 2.30a) and o, (Eq. 2.30b), the
following assumptions are made: the stress o, acting tangential to the skeleton-
pore interface affects the cubic microcrystallites on all sides effectively creating an
isotropic stress oy within the solid. Due to the stress balance at thermodynamic
equilibrium the transfer of o, onto the solid is then given by (compare [129)):

= _ rmic . O'a7||. (243)

Additionally, the adsorption stress o, | orientated normal to the cube walls acts
upon the solid leading to the effective strain of the cubic microcrystallites of

24



2.3. Adsorption-Induced Deformation

Os — O0q,1 1 ¢mic
Es=—"F"—"=—F |——— 04| —Oal|: 2.44
K. Ko|[1—ome 244
where K is the bulk modulus of the nonporous skeleton, i.e., the microcrystal-
lites.

Changes of the angle § between cubes can only be induced by stress normal
to the pore walls, i.e., 0, 1. To quantify the resulting strain €5 an effective bulk
modulus Kp is introduced, that describes the resistance of the microcrystallite
interconnection with respect to changes of 3. Therefore €3 is given by

Oa, L
= —, 2.45
%= K, (2.45)
Inserting Eq. 2.43 to 2.45 in Eq. 2.42 results in
(bmic Oa,| ¢mz’c 1
= R — — | 04l1. 2.46
- - (bmic Ks * Kﬁ Ks Tarl ( )

Eq. 2.46 reveals that the strain of the microporous matrix is the net result of two
potentially opposing mechanism represented by the terms depending on o, and
04,1, respectively. The first term related to o, is always positive and describes
the expansion of the nonporous solid skeleton in direct analogy to Bangham’s law.
On the other hand, the second term related to o, ; corresponds to the adsorption
stress model in its original formulation. Consequently, the strain contribution
related to o, may be positive or negative depending on the particular pore size
(distribution) of the carbon.

To take into account the pore size distribution of the microporous carbon,
the stresses o, and o, can be averaged in the same way as for the original
adsorption stress model:

_ 1
Gat = 5 [ Ga (W) Vags (w) du, (247)

B 1
Oal = 37— /O'a,u (w) - Vaigy (w) dw. (2.48)

In the limit of an incompressible skeleton (Ky — oo) Eq. 2.46 is reduced to
Em = Omic/Kp - 04,1, which is essentially the original adsorption stress model, since
the gas pressure p is usually negligible compared to o, | .

An aspect of particular relevance for the validation of the results derived by
the extended adsorption stress model is the correlation of the mechanical parame-
ters K, and Kz to the effective bulk modulus of the microporous matrix K,,. Since
the carbon microcrystallites in the considered model are fully interconnected, it is
assumed that the carbon matrix can be described by the Gibson-Ashby model (Eq.
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Figure 2.6.: Schematic of the microporous matrix for the extended adsorption stress
model. Ky is the bulk modulus of the nonporous solid cubes and Kz rep-
resents the resistance of the cube network to changes of the angle 5. The
stresses 0 and 0, | result from gas adsorption within the pores.

2.8). If furthermore the Poisson’s ratios of nonporous skeleton and microporous
matrix do not deviate drastically, the following approximation holds:

Ko =K, (1= i)’ (2.49)
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3. Model Materials and Experimental Methods

This chapter summarizes the model materials investigated, the characterization
techniques applied and the experimental technique used to study the effect of
adsorption-induced deformation, i.e., in-situ dilatometry.

3.1. Model Materials

The model materials investigated in this work were chosen in order to cover
adsorption-induced deformation of micro- and mesopores in ordered as well as in
disordered systems; a classification of the applied model materials is shown in Fig-
ure 3.1. Typically ordered materials are considered better model materials due
to their well defined structure, however, the vast majority of technically relevant
nanoporous materials exhibits various degrees of structural disorder (one of the
most prominent examples being microporous carbon). Therefore the comparison
of adsorption-induced deformation effects in ordered and disordered materials is of
interest in particular for application related follow-up work.

ordered disordered

microporous zeolites amorphous carbon (xerogel)

hierarchically structured

mesoporous e
porous silica

amorphous silica (aerogel)

Figure 3.1.: Classification of the model materials investigated with respect to the pore size
regime most relevant for adsorption-induced deformation and the material’s
structural order.

Most investigations within the framework of this thesis focus on microporous
materials, in particular on microporous carbons, because it was only recently that
theoretical models successfully approached the issue of adsorption-induced deforma-
tion of micropores. Consequently, reliable experimental data of adsorption-induced
deformation of microporous materials in combination with thorough sample char-
acterization are considered a valuable foundation for validation and refinement
of the proposed theoretical concepts. Since microporous materials may also con-
tain mesopores, investigations of selected mesoporous silica complement the list of
model materials analyzed. The purely mesoporous silica materials allow for studies
of adsorption-induced deformation in mesopores independent of micropore defor-
mation effects.

27



3. Model Materials and Experimental Methods

3.1.1. Carbon Xerogels

The synthetic amorphous carbons used in this work were derived from organic
precursors prepared via the sol-gel process as described in ref [139] with some
modifications with respect to educt ratios, gelation/aging period and drying [140].
For the preparation of the organic precursors the molar ratio R/C' of resorcinol
to catalyst was 5000 for all samples, while the mass ratio M of resorcinol and
formaldehyde to the mass of the total starting solution was either 30 or 50 %. The
gelation and aging period was 24 h at 85 °C for all samples. Subsequently, the
samples were placed for at least 1 d in an excess of ethanol (bath volume roughly
10times larger than the sample volume) to exchange the aqueous phase within the
gel pores by ethanol. Finally, the organic precursors were dried under ambient
conditions in a fume cupboard and then pyrolized for 1 h in an Ar atmosphere at
a temperature 7}, of either 800 or 900 °C (heating rate 4 K/min).

The resulting carbon xerogels are amorphous non-graphitizable monolithic
carbons [141] consisting of a disordered three-dimensional network of intercon-
nected, approximately spherical particles, whose interspaces form meso- and/or
macropores [142] (compare Figures 2.1 and 3.2). The particle size and the interpar-
ticle porosity depend on the synthesis parameters R/C and M, respectively, and
can be varied over a large range [140, 143, 144]; in contrast the internal structure
of the particles was found to be very similar for most R/C-M combinations [143,
145-147]. The particles are built up by small graphitic domains referred to as
microcrystallites forming micropores in their interspaces (Figure 3.2) [142]. The
arrangement of the microcrystallites is considered highly disordered, though some
authors suggested a higher degree of order towards the surface of the particles
[137]. At T}, between 800 and 900 °C the dimensions of the microcrystallites are
about 3 nm lateral [142] and 1 nm perpendicular to the graphene layers [138]. The
distance between graphene layers is about 0.4 nm [138] and therefore larger than
the value of 0.3355 nm found for macroscopic graphite crystals [137]. The size
of the micropores as evaluated from small angle X-ray scattering data is about
0.5 nm [138].

With respect to this work the advantages of carbon xerogels are the capabil-
ities of

o producing monolithic samples without an additional binder phase, whose form
can be adapted to the requirements of the in-situ dilatometry set-up.

o deliberately varying the parameters of the xerogel network, in particular the
average diameters of particles and interparticle pores via the synthesis param-
eters.

« modifying the micropore structure of the carbon xerogels by after treatments,
i.e., activation and thermal annealing, without significantly affecting the meso-
and macropore structure.
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macroscopic SEM image particle
monolith

accessible
micropore volume
microcrystallite

Figure 3.2.: Schematic of the different structural levels of carbons xerogels, i.e., (from
left to right) the monolithic sample, the particle network as seen by scanning
electron microscopy (SEM) and the internal particle structure according to
refs [137, 142].

After Treatment: Activation

The activation of carbon xerogels does not differ from the activation of other amor-
phous carbons and was already described by various authors, e.g. refs [145, 147—
149]. Generally, the term activation describes chemical or physical modifications
of carbons increasing their accessible surface area. Chemical activation is typically
carried out by hot acids, while thermal activation involves reactions with oxidizing
gases (typically HoO, CO, or air) at temperatures between 800 and 1100 °C [133].
In this work activation of carbon xerogels was performed for 2 h in a mixed Ar-CO,
atmosphere at 850 °C. The underlying reaction is the Boudouard equilibrium [150]

C(s)+COy =200 (g). (3.1)

The reaction of carbon with C'O, is endothermic and therefore requires con-
tinuous heating but simultaneously allows for more control of the process [133].
An important parameter of the activation process is the so-called burn-off, i.e.,
the relative mass loss of the carbon by the activation process. Depending on the
degree of burn-off the structural change of the carbon is expected as follows [133]:
the first step of activation is the removal of disordered carbon structures opening
blocked pores and /or improving access to already existing pores. With progressing
activation also the ordered carbon structures are affected by the activation process.
This leads to a widening of the already existing pores and eventually to the
creation of significantly larger pores by removal of walls between adjacent pores.
In this work the burn-off was purposefully kept low (about 5 wt%) to prevent
modifications of the carbon beyond the micropore scale.

A potential side effect of the activation process is the modification to the
functional groups on the carbon surface. For the above described activation pro-
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cedure X-ray photoelectron spectroscopy (XPS) measurements e.g. revealed that
the amount of oxygen on a carbon xerogel surface increases from 2.0 to 3.1 at% for
a burn-off of approximately 10 wt% [151, 152]. Changes to the carbon’s functional
groups may have tremendous effect on its adsorption properties with respect to
polar adsorbate molecules such as HyO, see e.g. refs [153-158]. However, for the
adsorbates applied to carbons activated in this work, i.e., Ny and C'O,, the impact
was considered negligible.

After Treatment: Thermal Annealing

In the context of carbon xerogels the term thermal annealing commonly refers to
the exposure of the carbon to temperatures exceeding 1000 °C in a non-oxidizing
atmosphere [138, 159-161]. The thermal annealing can be performed directly
during the pyrolysis or subsequent to pyrolysis as a separate after treatment. In
either case, the thermal annealing has a significant impact on the properties of
the microcrystallites and therefore also on the microporosity of the carbon: in
the temperature range of 1000 to 1800 °C the lateral size of the microcrystallites
increases from 3 to nearly 5 nm [159, 161] but remains constant for higher temper-
atures [161]. For temperatures exceeding 1500 °C also the size perpendicular to the
graphene layers grows from 1 to about 1.5 nm at 2000 °C [138, 160]. In parallel the
interlayer distance of the graphene layers decreases with increasing temperature
[162]; this process is particular pronounced for temperatures above 1800 °C [138,
160], however, the interlayer distance of natural graphite is not reached. The
accessibility of the microporosity between the microcrystallites decreases with the
thermal annealing temperature [138, 160, 161, 163], although the total (partially
closed) micropore volume and its average micropore size were found to increase
along with the microcrystallites [138]. The progressing closure of micropores was
interpreted by Dahn et al. by a 'falling cards model" [163, 164], which assumes
a successive alignment of graphene sheets with neighboring microcrystallites. On
a side note, it is currently not clear whether the growth of the microcrystallites
during the annealing process blocks the pore access entirely or just decreases it to
the point, where the microporosity appears inaccessible for most fluids.

In this work thermal annealing was performed as an after treatment. Car-
bon xerogels were exposed to 1200, 1400, 1600 and 1800 °C, respectively, for
15 min under Ar atmosphere.

Denotation of Carbon Xerogel Samples

The labeling of the different carbon samples investigated in this work was chosen
to reflect their synthesis parameters R/C, M and T, as well as their potential
after treatment, i.e., activation or thermal annealing. An overview over all
prepared carbon xerogels is given in Table 3.1. To meet the requirements of the
in-situ dilatometry setup described in section 3.3.3 all samples were prepared as
cylindrical rods of 3 to 5 mm in diameter and 3 to 5 cm in length.
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Table 3.1.: Carbon xerogels investigated in this work, their synthesis parameters and after
treatments. E.g. the label C5000/50/1200 denotes a carbon xerogel, whose
organic precursor was synthesized for the parameters R/C = 5000 and M =
50. The sample was then pyrolized and thermally annealed at 1200 °C.

sample R/C M Tyyr after treatment
%] °Cl
C5000/30/800 5000 30 800 -
C5000/50/800 5000 50 800 -
C5000/50,/900 5000 50 900 -
C5000/50/900A 5000 50 900 activation
C5000/50,/1200 5000 50 1200 annealing 1200 °C
C5000/50,/1400 5000 50 1400 annealing 1400 °C
C5000/50,/1600 5000 50 1600 annealing 1600 °C
C5000/50,/1800 5000 50 1800 annealing 1800 °C

The samples C5000/30/800 and C5000/50/800 were prepared by Timo Wildhage
[165] and the organic precursors for the other carbon samples were prepared by
Dr. Matthias Wiener.

3.1.2. Zeolites

Zeolites are microporous aluminosilicates exhibiting cage like micropore struc-
tures [2]. The zeolite samples investigated in this work were provided by CWK
Chemiewerk Bad Késtritz: one zeolite of type LTA, KOSTROLITH 4ABFK [166],
and one zeolite of type FAU, KOSTROLITH 13XBFK [167]. Both zeolites were
produced from zeolite powder, metakaolin and lye, where metakaolin serves as
a temporary binder for the zeolite powder, which is eventually also converted
into zeolite [168, 169]. This procedure results in binderless monolithic zeolites; in
contrast, most commercially available zeolites contain a non-zeolite binder phase.
The lack of binder is of particular importance for this work, because it allows for
an unambiguous attribution of the observed adsorption-induced deformation to the
zeolite. Notably, this was not the case for previous studies on adsorption-induced
deformation on zeolites including a clay binder phase [35, 36].

Both monolithic zeolite samples, KOSTROLITH 4ABFK and 13XBFK, ex-
hibit two levels of internal structure: a disordered macroporous network of
polycrystalline zeolite and a well-ordered micropore structure within the individual
zeolite crystals. Detailed investigations of the macropore structure are given in ref
[170]. The micropore structure of both zeolite types is shown in Figure 3.3. The
KOSTROLITH 4ABFK exhibits a cubic structure with six circular entrances into
the micropore, whose diameter is 0.41 nm [171]. The KOSTROLITH 13XBFK on
the other hand exhibits a roughly spherical pore shape with four circular entrances
of 0.74 nm in diameter [171]. With respect to gas adsorption it is important to
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Figure 3.3.: Schematics of zeolite unit cells for LTA and FAU structures (KOSTROLITH
4ABFK, LTA (left) and KOSTROLITH 13XBFK, FAU (right) [171]).

note, that the above given dimensions correspond to distances from atom center
to atom center. Therefore adsorbate molecules perceive smaller pore sizes and
entrances due to the volume occupied by the nonporous solid phase. This effect
can be seen e.g. from ref [70], where the adsorption of a FAU type zeolite was
described under the assumption of spherical pores resulting in an accessible pore
diameter of 0.6 nm instead of 0.74 nm.

Zeolites were included in this work, since their microporosity is highly or-
dered and well defined eliminating ambiguity about shape and size (distribution)
of the micropores. The drawback of zeolites are the complex solid-fluid interac-
tions within the micropores compared to carbons, which makes modeling of the
adsorption process significantly more challenging (compare ref [70]).

3.1.3. Silica Aerogel

The silica aerogel investigated was produced by Airglass (Staffanstorp, Sweden) via
a sol-gel process using tetramethoxysilane as precursor [172]. In analogy to carbon
xerogels, silica aerogels are built up by disordered three-dimensional network
of approximately spherical particles (compare Figures 2.1 and 3.2); however, in
contrast to carbon xerogels, the particles itself are generally nonporous consisting
of pure amorphous silica. The pore volume of the particle network is typically
mesoporous only making silica aerogels a good model system for a disordered
mesoporous solid. Since untreated silica aerogels tend to be so compliant that
they undergo significant elastic or even plastic deformation during a gas adsorp-
tion process [27], the sample investigated in this work was sintered in order to
increase its mechanical stiffness and thus prevent plastic effects. The sintering was
performed at ambient atmosphere at a temperature of 1050 °C for approximately
13 min. During the sinter process the solid phase of the silica aerogel rearranges
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in a viscous flow driven by the reduction of the local curvature of the silica phase
[173]. This caused a reduction of the aerogel’s specific surface area by 44 % and
its total specific pore volume by 37 %:; in parallel its density increased by 84 %
and its Young’s modulus by nearly 1200 %.! The drastic increase of silica aerogel’s
Young’s modulus results from the increase of its bulk density (Eq. 2.9) and the
reinforcement of the connections between particles.

Synthesis, sintering and pre-sintering characterization of the silica aerogel in-
vestigated in this work was performed by Dr. Gudrun Reichenauer. A sample of
similar treatment was described in ref [57].

3.1.4. Hierarchical Structured Porous Silica

The hierarchical structured porous silica investigated in this work was provided by
the group of Prof. Dr. Nicola Hising (Paris-Lodron University, Salzburg) within
the scope of the project Deformation of Hierarchical and Anisotropic Solids by
Fluid Adsorption (German Science Foundation, RE1148/10-1). The subsequent
sintering was performed within the master thesis of Anna M. Waag [175].

Following the synthesis protocols given in refs [176, 177] a hierarchically structured
porous silica sample was prepared by a sol-gel process, which utilizes a surfactant
as a structural directing agent. When diluted in aqueous HCI, the surfactant
molecules form cylindrical shaped micelles, which arrange in a hexagonal pattern.
The surfactant-HCl solution is then mixed with a modified silane that forms a
gel in between the cylindrical micelles. When gelation was completed, the sample
was immersed into trimethylchlorosilane (TMCS) and subsequently dried under
ambient conditions. TMCS covers the surface of the gel making it hydrophobic;
this enables the gel to be dried at ambient conditions without structural damage
by the capillary pressure of the solvent. The resulting hierarchical structured silica
is a monolith (here with respect to the requirements of the in-situ dilatometry
setup shaped as a cylinder), which exhibits two structural levels schematically
illustrated in Figure 3.4. On the scale of macropores the material consists of
a three-dimensional disordered strut network, where the individual struts are
approximately of 500 nm in diameter and 2-3 pm in length [176]. Inside the struts
well-defined and ordered cylindrical mesopores of approximately 7 nm in diameter
are arranged on a hexagonal lattice [176].

The sample investigated in this work was furthermore calcined for 10 h at
500 °C in ambient atmosphere to remove the TMCS and residual surfactant. Since
the calcination step is known to introduce microporosity into the silica phase, the
sample was additionally subjected to sintering at 950 °C for 15 min under ambient
atmosphere. As described in the previous section sintering of silica materials evens
out structural inhomogeneities, i.e., in this case the microporosity.

!The silica aerogel in its untreated state exhibit a total specific pore volume of 5.18 cm?®/g, a density of
1.45 g/cm?, a specific surface area of 683 m?/g and a Young’s modulus of 4.5 MPa [174].
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Figure 3.4.: Schematic of the hierarchically structured porous silica.

From the perspective of adsorption induced-deformation hierarchically struc-
tured porous silica was recently of particular interest, since it provides one of the
rare cases, where adsorption-induced deformation can be investigated on the scale
of monolithic samples (e.g. by in-situ dilatometry) as well as on the scale of the
mesopore lattice (e.g. by in-situ small angle X-ray scattering) [178].

3.2. Characterization Techniques

The major goal of the material characterization performed in this work was to ob-
tain the input parameters required for the theoretical models of adsorption-induced
deformation or validate their respective output parameters.

3.2.1. Determination of Bulk Density

The (apparent) bulk density of a monolithic sample is given by

Msample

pe V;ample , (32)

where Mggmpre denotes the sample mass and Vigmpe the monolithic sample
volume. Since porous solids tend to adsorb significant amounts of atmospheric
gases (in particular H,0), the determination of Mmggmpe requires preliminary
degassing under vacuum conditions. For meso- and macroporous materials a
temperature of 110 °C is typically sufficient to remove adsorbed species within
1 d, while microporous samples exhibit higher adsorption potentials and are
therefore degassed at temperatures up to 400 °C. After degassing is completed
the sample has to be placed on a balance without anew adsorption. Since the
process of degassing and weighing is also mandatory prior to each adsorption
measurement, commercial sorption instruments possess a special degas station for
this particular purpose. The design of the degas station used in this work and the
work steps to obtain the mass of the degassed sample msqmpe are described in [179)].
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For samples of well defined monolithic geometry the sample volume Vigppie
can simply be calculated from the sample dimensions measured by a caliper.
Contrary, for ill defined monolithic geometry this approach to Vigmpie is often not
possible. In such cases an alternative way to obtain p, is Eq. 2.1, which requires
knowledge of the total specific pore volume V), and the density of the nonporous
backbone p;.

3.2.2. Gas Adsorption Measurements

Gas adsorption measurements for sample characterization were performed for the
established adsorptive-temperature combination of Ny /77 K and CO4/273 K. The
combination of N,/77 K is known for two disadvantages [180]: a) the N, molecule
exhibits a small quadrupole moment, which may cause specific interactions with
the adsorbent surface. b) at the cryogenic temperature of 77 K diffusion of gas
molecules in (ultra)micropores may become extremely slow preventing reliable
determination of equilibrium gas pressures. In such cases C'O, adsorption at 273 K
is often used as an alternative approach.

All adsorption isotherms presented in this work were recorded by a commer-
cial volumetric adsorption instrument (ASAP2020, Micromeritics), which was also
used as part of the in-situ dilatometry setup described in the following section.
For details regarding the experimental setup and the measurement procedure
see section 3.3. Notably, experimental adsorption isotherms are commonly given
as specific adsorption N,/Msampie, Wwhere N, is the molar amount adsorbed and
Msample 15 the mass of sample investigated.

Although there is a large number of models for the evaluation of adsorption
isotherms [3], many of them are only valid for particular pore sizes regimes
or adsorbate-adsorbent combinations. The adsorption models suitable for the
materials investigated in this work are briefly described in the following.

Gurvich Rule

The Gurvich rule was proposed by Gurvich [181] and assumes that the density of the
adsorbate is equal to the one of unconfined bulk fluid. Based on this, the amount
adsorbed N, (plateau) at the plateaus of type IV and V adsorption isotherms at
relative pressures close to saturation can be converted into the combined specific
micro- and mesopore volume of the sample:

N, (plateau)

VGur'uich == : VL = sz‘c + Vmeso- (33)

Msample
Here V, is the molar volume of the adsorbate as bulk liquid. As discussed in
sections 2.2.2 and 2.2.3, the density of the adsorbate phase may deviate from bulk
fluid in particular for micropores and mesopores smaller than 7 nm. As was shown
by atomistic adsorption models, for Ny adsorption in carbon micro- and mesopores
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the relative deviation in density can be estimated be to on the order of percent
[182).

BET Theory

The BET theory of Brunauer, Emmett und Teller [183] was developed to describe
adsorption on a plain solid surface. According to BET theory the adsorption
isotherm of a porous solid is given by

Na ( / ) - Nmono . C’BET 'p/pO
Msample PiPo Msample (1 - p/pO) (1 - p/p() + C’BE'T : p/p()) '
Here Npyono is the (molar) amount of adsorbate forming an atomic/molecular
layer on the adsorbent surface (the so-called monolayer capacity) and Cppr is an
energetic parameter quantifying the strength of the solid-fluid attraction relative
to the fluid-fluid attraction.

(3.4)

For the evaluation of adsorption isotherms the BET equation is transformed
to a linearized counterpart

P/ Do B 1 Cper —1
= + *p/Po-
Na/msample . (1 - p/pO) CBET : Nmono/msample C1BET : Nmono/msample
(3.5)

Inserting experimental data, Nu/Msampie (P/Po), into Eq. 3.5, the parameters
Ninono/Msampie and Cppr are obtained from slope and axis intercept of a line of
best fit. The monolayer capacity N,.ono in turn is connected to the specific surface
area Sgpr of the porous solid by

Nmono

SBET = . NA : Am (36)

sample
where N, is the Avogadro constant and A, the cross-sectional area of an
atom/molecule adsorbed. For N, adsorption at 77 K a well-established value for
A, is 0.162 nm? [1].

Due to the assumptions made for its derivation the BET theory is only valid
for meso- and macroporous solids and even for these the BET theory commonly
matches experimental data only in the range of 0.05 < p/py < 0.35, i.e., only up
to the completion of the monolayer [3]. There are recommendations to adapt the
BET theory for the evaluation of adsorption isotherms of microporous materials
[184], but despite these adaptations the resulting surface area Sppr does not
represent a physically meaningful area of the microporous solid [99]. Consequently
in this work the BET-theory was not applied to microporous materials.

t-plot Method

The t-plot method of Lippens and de Boer [185] utilizes the Gurvich rule (see Eq.
3.3) and reference isotherms to determine the so-called specific external surface
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area Sez¢ of meso- and macropores (i.e. Sezt = Smeso + Smac) as well as the specific
micropore volume V. (t-plot) of the sample investigated:

No (p/p0) - Vi = Suut - b (0/96) + Vinie (t-Dlot) . (37

Msample

Here V7, is the molar volume of the adsorbate as bulk liquid and & (p/pg) is the
statistical thickness of the adsorbate film on the meso- and macropore surface area
(prior to capillary condensation). h (p/po) is usually determined empirically from
an adsorption isotherm on a purely macroporous reference material, whose surface
chemistry is assumed to be comparable with the sample investigated. Plotting
the data from experimental adsorption isotherms according to 3.7 and performing
a linear fit allows for the determination of S..; and V. (t-plot) from slope and
intercept of the fit, respectively.

In this work the t-plot method was exclusively applied to microporous car-
bons and respective reference isotherm was taken from the work of Magee

[186]:
h(p/po) = 0.1nm [0.88 - (p/po)” + 6.45 - p/po + 2.98] . (3.8)
Noteworthy, Eq. 3.8 is only valid in the range of 0.4 nm < h < 0.7 nm.

Analysis by DFT and GCMC

The analysis of experimental adsorption isotherms by computational approaches
such as density functional theory (DFT) and grand canonical Monte Carlo (GCMC)
is usually based on the inversion of the integral adsorption equation (IAE). For the
slit-shaped pore geometry the IAE can be formulated as (compare Eq. 2.14):

Na

Msample

Wmazx

(p/po) = / Niernet (p/Po, w) = Saigy (w) dw. (3.9)

Wmin

Here Nperner is the so-called kernel of the computational model, i.e., a series of
computationally determined surface specific adsorption isotherms for different pore
sizes, and Sg;fs is the specific differential pore area distribution with respect to the
pore width w; W, and W, are the smallest and the largest pore width within
the kernel, respectively. Sg¢ is directly related to the specific differential pore
volume distribution Vy;rs (w), the specific cumulative pore area distribution Seym,
and the specific cumulative pore volume distribution V.., (Eq. 2.15, 2.16 and 2.17,
respectively). Fitting of experimental adsorption isotherms requires the numerical
deconvolution of the IAE typically performed by Tikhonov regularization [187]. It
is important to note that the deconvolution of the IAE is an ill-posed problem from
the mathematical point of view and therefore there is no unambiguous solution for

Sdiff-

In this work the above described approach was used to analyze the micro-
porosity of carbon xerogels based on NLDFT calculations performed for N,
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adsorption at 77 K and C'O, adsorption at 273 K. The respective kernels were
created within the framework of this work [188] assuming slit-shaped pore geometry
(see section 4.1). In this case, the specific micropore volume V.. (DFT), the
specific micropore area Sy,;. (DFT) and the average micropore width w can be
derived from the specific differential pore area distribution Sg¢s by:

2nm
Vorie (DFT) = [ Vg (w) dw, (3.10)
0
2 nm
Simie (DFT) = / Sais (w) duw, (3.11)
0
2V, (DFT)

Since micropore filling and monolayer formation in meso- and macropores may
occur in the same relative pressure regime, the kernels included a set of slit-shaped
mesopores. The fitting algorithm for the deconvolution of the IAE was taken from
Ravikovitch et al. [113].

3.2.3. Sound Velocity Measurements

Sound velocity measurements were performed with a setup developed by Gross
[189, 190]. The setup consists of an ultrasonic emitter connected to an ultrasonic
pulse generator and an ultrasonic receiver connected to an oscilloscope. The sam-
ple is placed between emitter and receiver and the distance l,,,,q between them is
measured by an indicator. The pulse generator simultaneously triggers the ultra-
sonic emitter and the recording of the oscilloscope. This way the runtime At of the
ultrasonic pulse through sample can measured on the display of the oscilloscope.
The emitted waves are longitudinal and of frequencies of 0.5 or 1.0 MHz depending
on the settings of the setup. The longitudinal sound velocity vsounq Of the sample
is calculated by

lsoun
Vsound = Atd (313)

From the longitudinal sound velocity the linear modulus C; of the sample is
calculated by [191]

011 = Po- U?ound? (314)

which in turn can be transferred into Young’s and bulk modulus of the porous
solid for given bulk Poisson’s ratio v, [100]:

(1 — 27/1)) (1 —|— I/b)

E, = -C 3.15
1+Vb

K= —— "2 (4. 3.16

b 3(1—l/b) 1 ( )
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3.2.4. Scanning Electron Microscopy (SEM)

All microscopy images were made with the scanning electron microscope Ultra Plus
by Carl-Zeiss NTS Gmbh. To obtain images a focused electron beam (acceleration
voltage 1 to 30 keV) sweeps in a raster across the sample surface producing dif-
ferent types of signal including back scattered electrons, secondary electrons and
characteristic X-rays. The signals used for image formation are backscattered elec-
trons and secondary electrons, which are measured locally resolved for each beam
position by respective detectors. Details on the instrument and the microscopic
technique are given in refs [192; 193], respectively. Notably, microscopy images
only represent a very small part of the sample investigated.

3.3. Gas Adsorption Measurements with in-situ Dilatometry

In order to experimentally access the adsorption-induced deformation of the model
materials presented in section 3.1 this work utilized a dilatometer integrated into
a commercial volumetric sorption instrument (ASAP2020, Micromeritics). The
combined setup was developed by Wildhage and Balzer [10, 165, 194] based on a
prototype of Reichenauer and Scherer [27] and allows for state-of-the-art adsorp-
tion measurements complemented by in-situ dilatometry. The experimental data
obtained by this setup are the common adsorption isotherm N,/Msumpie (p/Po) and
the dilatometric strain isotherm e4; (p/po) of the sample, i.e., the linear strain of
the sample investigated corresponding to its adsorption isotherm. For the mea-
surements performed in this work the dilatometric part of the setup was subject
to further modifications to improve the suppression of disruptive effects and ensure
reproducible measurements at high strain resolutions. In the following the final
version of the overall setup and the applied measurement procedures are described.
Also, potential artifacts in the dilatometric signal and respective countermeasures
are discussed.

3.3.1. Experimental Setup

The experimental setup consists of two parts: one is a commercial volumetric
sorption instrument (ASAP2020, Micromeritics) and the other a self-designed
dilatometer (Figure 3.5) replacing the original sample holder of the adsorption
instrument. This way the functionality of the adsorption instrument could be fully
preserved.

The core of the volumetric adsorption instrument is a vacuum chamber of
calibrated volume called manifold, which is connected to a vacuum pump system,
gas supply, and the sample holder [179, 195]. The manifold is equipped with a
temperature sensor and three pressure gauges (Baratrons© by MKS suited for
pressures ranging from 1.33-10° to 0.133 MPa, 1.33-10® to 1.33-103 MPa and
1.33-10 to 1.33-10"* MPa, respectively). The vacuum pump system consists of a
molecular drag pump (TMH 071 P by Pfeiffer), a cold trap, a self-designed vacuum
storage and a membrane pump (MVP 015-2 by Pfeiffer). The gas supply allows
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for the use of Ny, Ar and C'O,; the purities of the gases were 5.0 for N, 5.0 for Ar
and 4.5 for COs.

For the adsorption of condensable vapors such as H,O the adsorption instrument
was upgraded by a vapor option provided by the instrument manufacturer. The
vapor option includes a temperature controlled reservoir for liquids (also con-
nectable to the manifold) and a heating device for the manifold. The adsorption
instrument was controlled by the original software provided by the manufacturer.
In addition to the original setup of the sorption instrument, the signals of the
pressure gauges and the states of the most important valves inside the manifold
were separately recorded by a self-designed software also collecting the dilatometric
data. The time-dependent pressure data allow for checking the thermodynamic
equilibrium based on the conditions set in the adsorption instrument’s software,
while the valve states were utilized for parsing the dilatometric data.

The central parts of the dilatometer are a length sensor (LVDT PR 750-100
+ LVC-2500 by Macrosensors) and a self-designed glass sample holder. A
schematic of the dilatometric setup is shown in Figure 3.5. The length sensor
consists of an electrical coil arrangement and a metal core, whose displacement
within the coil arrangement is measured by the change of induced current [196].
The coil arrangement is mounted to the upper part of the sample holder, while
the lower part of the sample holder containing the sample is placed in a tempering
bath. Inside the sample holder the metal core is connected to a push rod placed on
top of the sample. This way deformation of the sample is transferred onto the metal
core by the push rod and measured by the length sensor. The push rod was made
from a glass tube (outer diameter 5.3 mm, inner diameter approximately 3.5 mm)
of nearly identical diameter as the sample holder thereby serving as a mechanical
guide for the push rod. The gas transport from the sorption instrument to the
sample is provided by a connected vertical channel through metal core and push rod.

Since the length sensor was found to be sensitive to temperature fluctua-
tions in the lab, it was surrounded by a temperature controlled shield [194].
Due to various modifications made to the setup in this work, the temperature
controlled shield was entirely redesigned; also the previously installed relay control
of the length sensor [194] was removed, since it had no measureable impact on the
data quality of the revised setup. The signal of the length sensor was measured
by a multimeter (3457A by Hewlett-Packard) and recorded by a self-designed
software, which also monitored the lab temperature and the temperature of the
coil arrangement. For the latter a temperature sensor was directly attached on the
surface of coil arrangement.

3.3.2. Measurement Procedure

For adsorption measurements with in-situ dilatometry the adsorption instrument
and dilatometer ran parallel without direct connection to each other, i.e., the ad-
sorption instrument determined the regular adsorption isotherm N, /M gampic (P/P0),
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Figure 3.5.: Schematic of the dilatometric setup. Reprinted from ref [197] with permission
from Elsevier.

while the dilatometer continuously monitored the length of the sample in parallel.
The dilatometric strain isotherm e4;; (p/po) was determined after completion of the
adsorption measurement by relating dilatometric and adsorption data. A detailed
protocol for measurements is given in the following:

Prior to the measurement the sample is degassed in an original sample holder of
the adsorption instrument and weighed as described in section 3.2. The length
Lo of the sample is measured by a caliper. Then the sample is moved into the
dilatometric sample holder and again degassed. To check the degassing state of the
sample, the vacuum system is disconnected from the manifold in regular intervals
and the pressure increase inside the manifold still connected to the sample holder
is measured. When the so determined pressure increase becomes indistinguishable
from the leak rate of the manifold, i.e., approximately 107 mbar-1/s, the sample is
considered fully degassed. This process requires typically 1 d. When the degassing
is completed, the sample holder (still connected to the pumping system) is placed
in the bath controlling the sample temperature during the measurement. The
adsorption measurement is paused till sample and sample holder are thermally
equilibrated with the bath, i.e., the dilatometric signal reaches a constant value.
The bath for Ar and N, adsorption measurements was LN,; a constant LN,
level around the sample holder was maintained by the use of an isothermal jacket
provided with the commercial adsorption instrument [195]. For COy and H,O
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adsorption the bath was water mixed with a small amount of glycol connected to a
liquid thermostat. The external temperature sensor of the thermostat was placed
in the bath to ensure its constant temperature.

The measurement starts from the degassed, evacuated and thermally equili-
brated state of the sample; at this point the reference length of the sample
as seen by the dilatometric setup is ly.> To obtain the different points of the
adsorption isotherm the adsorption instrument doses defined amounts of gas into
the sample holder. After each dosing step the change of the gas pressure over
time inside the sample holder is monitored; when the pressure change drops
below a previously set threshold value, the system is considered to be in thermal
equilibrium and the current gas pressure and amount adsorbed are taken as
equilibrium values. This procedure is repeated for each point of the adsorption
isotherm till the equilibrium gas pressure reaches either the saturation pressure
of the adsorptive or the technical pressure limit of the sorption instrument, i.e.,
0.1 MPa. Afterwards the adsorption instrument may stepwise remove gas from the
sample holder to determine the desorption branch of the adsorption isotherm. In
parallel the dilatometer continuously measures the length [ of the sample. When
the measurement is completed, the values of [ (p/py) corresponding to the data
points of the adsorption isotherm are determined by a simple automated evaluation
routine via time stamps as well as separately recorded pressure transducer signals
and valve stats. For each data point of the adsorption isotherm the length change
Al (p/po) = L(p/po) — lo is calculated, which finally results in the linear strain
isotherm

€ait (p/po) = l(p/]?) h _ Al (ZZ;/pO). (3.17)
0 0

Additional measurements accompanying each adsorption isotherm run are the
determination of the so-called free space and potentially the saturation pressure
of the adsorptive. The free space measurement is a mandatory procedure for each
adsorption measurement calibrating the volume inside the sample holder accessible
to the adsorptive, i.e., the volume not occupied by the nonporous skeleton of the
sample. Details on free space measurements are given in refs [179, 195]. Tt is
important to note that the degassed sample is exposed to He during the free space
measurement, which in case of microporous materials may lead to He entrapment
and therefore erroneous equilibrium gas pressures [198]. In this work free space
measurements on microporous materials were therefore separated from actual

adsorption measurements by an additional degassing step.

Furthermore, the saturation pressure of the adsorptive py has to be known
either from literature or from measurements during the adsorption instrument.
In this work literature values of py were used for C'Oy and H,O adsorption
measurements(1.4278 MPa for CO, at 243 K, 3.4852 MPa for CO, at 273 K,

2The dilatometric reference length of the sample Iy differs from absolute length of the sample Lo, since
the measurement range of the dilatometer is only about 2 mm.
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7.2108 MPa for CO, at 303 K and 0.00317 MPa for H,O at 298 K) [199], while for
N5 and Ar adsorption measurements py was measured at regular intervals during
the recording of the adsorption isotherms.

3.3.3. Dilatometric Artifacts, Countermeasures and Accuracy

Regarding the resolution of the dilatometric setup a general problem is the dis-
placement of the sample during the measurement due to mechanical disturbances
resulting in apparent sample strain. In the final version of the setup the only
constrain for the sample is the push rod placed on top of it (weight of about
7 g), i.e., the sample is not additionally fixed. An explicit fixation of the sample
inside the sample holder was rejected to avoid suppressing or redirecting the
adsorption-induced deformation of the sample, which is typically volumetrically
isotropic. Therefore the sample-push rod arrangement retained some inherent
instability. The most persistent mechanical disturbances that had to be addressed
were vibrations from the vacuum pumping system, in particular the membrane
pumps, and shocks due to switches of the pneumatic valves inside the manifold.
Respective countermeasures were twofold:

(i) to increase the mechanical stability of the sample position the push rod
as well as the bottom of the sample holder were made as plain as possible. For
this a coarse grained glass frit was placed in the lower end of the push rod and
fused with the tube. Then the lower end of the push rod was cut by a diamond
saw. Furthermore, a plain cut metal rod was pressed into the glass based sample
holder during its production.

(ii) to reduce the occurrence of mechanical disturbances the membrane pumps
were relocated from the instrument’s chassis onto the floor below the instrument
and a vacuum storage (approximately 30 1) was put in their place. Furthermore
a new connecting part between adsorption instrument and sample holder was
designed, which has a significantly enhanced capacity to absorb mechanical shocks
originating from the adsorption instrument (a picture is shown in Appendix C).

Obviously, the impact of these modifications onto the mechanical stability of
the sample also depend on its geometry, which in most cases was that of a
cylindrical rod, whose ends had been cut by a diamond saw. Samples, which
could not be provided in such a convenient shape, were smoothed to exhibit at
least one plain surface to stand on. For all samples investigated in this work
these countermeasures were sufficient to suppress the above described issues
below the resolution limit of the overall setup given by other boundary conditions
(see discussion on dilatometric resolution in the next paragraph). Nevertheless,
singular jumps of the dilatometric signal with no apparent correlation to the
instrument were observed occasionally. These events were attributed to shocks
originating from outside the instrument and if significant simply corrected from
the experimental data.
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After the suppression of mechanical disturbances the resolution of the dilatometric
setup had to be re-evaluated, since theoretically the resolution of a LVDT is
only limited by electrical noise and the accuracy of the connected multimeter
[196]. From preliminary measurements with Ny at 77 K on a nonporous glass
rod (Appendix D) the accumulated noise from electrical, mechanical and ther-
mal influences at constant gas pressure was found to be 4+ 0.05 to 4+ 0.10 pm.
Additionally, the preliminary measurements revealed a slight dependence of the
dilatometric signal on the gas pressure inside the sample holder, which exceeded the
background noise approximately by a factor of 2.5. However, with respect to the
magnitude of commonly observed adsorption-induced deformations this apparent
sample deformation is still quite small. For practical reasons the apparent sample
deformation due to changes of pressure was therefore considered the accuracy limit
of the dilatometric setup leading to a resolution of 4+ 0.25 pm. For typical sample
lengths Ly between 0.5 and 5 cm this resolution translates to an accuracy of ey,
of £ 5-10 to £ 5-107.
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This section summarizes the results obtained by NLDFT calculations, sample char-
acterization and in-situ dilatometry measurements, which collectively form the base
for the discussion on adsorption-induced deformation in the next chapter.

4.1. Nonlocal Density Functional Theory

Based on the procedure outlined in section 2.2.2 and Appendix A NLDFT
calculations were preformed for the adsorption in slit-shaped carbon micro- and
mesopores employing the software presented in ref [116] adapted for a single
component, i.e., the adsorbate. The adsorptives considered were Ny at 77 K, Ar
at 77 K and C'O, at 243, 273 and 303 K. The respective solid-fluid and fluid-fluid
interaction parameters are summarized in Table A.1. The range of pore width
and relative pressure covered in each kernel is given Table 4.1. The focus of
each kernel was the microporosity, while mesopores were only required for sam-
ple characterization (compare section 3.2.2) or adsorption references (Appendix B).

The NLDFT results relevant for the modeling of experimental adsorption and
strain data are the theoretical adsorption isotherms Nyrprr (p/po, w) (Eq. 2.13)
and the respective grand potential of the adsorbate Q, (p/po, w) (Eq. 2.10) with the
pore width w as model parameter. Examples of theoretical micropore adsorption
isotherms calculated for the adsorption of Ny at 77 K and C'O, at 273 K are shown
in Figures 4.1a and b as molar adsorbate density p,u = 2/w - Nyrprr (p/po, w).
The obtained adsorption isotherms are essentially identical to NLDFT calculations
previously performed by Ravikovitch et al. [113] except for the inclusion of pore
widths smaller than the nominal van der Waals diameter o, of the adsorbate.
As can be seen from Figures 4.1a and b the filling of micropores generally takes
place at lower relative pressure the smaller the pore becomes. This trend is due
to the increase of solid-fluid attraction for decreasing pore width (compare Figure
2.3), however, as will be discussed in more detail further below pores smaller
than oy are an exception to this rule. On a side note, micropore filling of N,
at 77 K is predicted to occur in very distinct steps; for smaller micropores in a
single step, for larger micropores in 2 to 3 consecutive steps (Figure 4.1a). This
behavior is considered a computational artifact resulting from the combination of
the cryogenic temperature of 77 K and the assumption of smooth walls, which in
turn causes distinct layer formation of the adsorbate on the pore walls. In real
carbon materials the pore walls are likely not entirely smooth and homogenous
but exhibit some energetic and structural heterogeneity. Consequently, the sharp
steps in the theoretical Ny adsorption isotherms will be smeared in real carbon
materials. This issue was already discussed in literature [180] and more recent
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Table 4.1.: Range of pore width w and relative pressure range p/py covered by the kernels
for the different adsorbates at temperature 7. The bracketed values in the
pore width column denote the step width in the respective interval.

adsorbate T w /Po
K] [nm]
Ar /Ny 77.4 0.2 to 2.0 (0.01) 101! to 0.98
2.0 to 8.0 (0.2)
40
COq 273.15 0.2 to 2.0 (0.01) 107 to 0.98
2.0 to 8.0 (0.2)
40
243.15/303.15 0.2 to 2.0 (0.01) 107 to 0.1

adsorption models try to explicitly take into account the roughness of the pore
walls [115, 116]. Contrary, the elevated temperature for COy adsorption at 273 K
disturbs the formation of distinct layers within the carbon micropores and thus
the theoretical C'O, adsorption isotherms exhibit no steps despite the assumption
of ideal walls (Figure 4.1b).

The results from the NLDFT calculations, Nyzprr (p/po, w) and Q, (p/po, w),
were used to derive the stress isotherms o, 1 (p/po, w) and o, (p/po, w) according
to Eq. 2.30a and 2.30b, respectively. Examples for the calculated stress isotherms
are given in Figures 4.1c to f, respectively, again for the adsorption of Ny at 77 K
and COy at 273 K.

To begin with the more complex behavior of adsorption stress normal to the
pore walls, o, 1 (p/po,w), is considered. Based on Figures 4.1c and d micropores
can be classified into micropores, where o, | is always positive, micropores, where
0,41 is always negative and micropores, which are subject to negative adsorption
stress for low relative pressure and switch to positive adsorption stress with pro-
gressing adsorption.! To understand the reason for this behavior, furthermore the
filling pressure psy; and the adsorbate mass density inside the carbon micropores
Pmass = Pmol - Mmor are derived from the calculated adsorption isotherms. Here pyi;
marks the inflection point of the theoretical adsorption isotherm. If the adsorption
isotherm exhibits more than one inflection point, py; corresponds to the inflection
point at the highest relative pressure. The relative filling pressure pru/po, the
adsorption stress normal to the pore wall o, and the adsorbate mass density
Pmass are shown as a function of the pore width w for Ny adsorption at 77 K and
for COy adsorption at 273 K in Figure 4.2. As can be seen from Figures 4.2c to f
at saturation pressure both, o, | and pj,ss, oscillate with respect to w illustrating

!Positive adsorption stress is directed towards to boundaries of the pore, while negative adsorption stress
is directed towards the center of the pore.
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Figure 4.1.: Theoretical adsorption isotherms for Ny at 77 K (a) and CO2 at 273 K (b)

given as molar volume p,,,; and corresponding stresses normal and tangential
to the pore walls, i.e., 0,1 (N2 in (c) and COz in (d)) and o, (N2 in (e)
and COs in (f)), respectively. The pore widths within each plot are 0.4, 0.3,
0.5, 0.6, 0.8, 1, 1.5 and 2 nm (from left to right).
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Figure 4.2.: Relative filling pressure pg;;/po (a and b), normal adsorption stress o, 1 (c
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and d) and mass density ppqss
for Ny at 77 K and CO, at 273

(e and f) derived from NLDFT calculations
K, respectively, as a function of pore width

w. 04,1 is shown for different relative pressures p/po; pmass is shown close
to saturation complemented by the solid and liquid density of the adsorbate
(solid Ny at 21 K [200], liquid Ny at 77 K [199], solid CO, at 194 K [200]

and liquid COy at 273 K [199]).



4.1. Nonlocal Density Functional Theory

the geometric nature of o, | [75, 128]:% if the pore width is commensurate with the
nominal van der Waals diameter of the adsorbate, the adsorbate density within the
pore will be high and the short ranged repulsion of the solid-fluid and fluid-fluid
interactions will cause positive adsorption stress normal to the pore walls. Con-
trary, if the pore width differs from integral multiples of the adsorbate diameter,
the adsorbate density is reduced and the adsorbate mediates the long ranged
solid-fluid attraction leading to negative adsorption stress normal to the pore walls.

An exceptional behavior is shown for the pore width w* approximately equal to the
nominal van der walls diameter o, of the solid-fluid interaction. As can be seen
from Figures 4.2a to d, pores of width w* exhibit the lowest relative filling pressure
of all pores, while they are at the same time free of adsorption stress normal to the
pore walls. This result is interpreted in terms of w* being the most comfortable
pore size, which is geometrically and energetically ideal for the adsorbate. For
w < w* the normal adsorption stress is extremely large and positive, which fits
the picture of adsorbate molecules squeezing into pores smaller than their nominal
diameter. A more detailed discussion on this effect is given in a reference related
to this work [188].

In comparison to o, ., the stress tangential to the pore walls, o4, (Figures
4.1e and f) shows a rather clear pattern: once the pore is filled (p/po > priu/po),
04, increases with relative pressure in an approximately logarithmic fashion.
Additionally, the slope of all stress isotherms is very similar and pores filling at
lower relative pressure exhibit larger values for o, ). These observations are easily
understood, when considering the definition of o, and the underlying grand
potential (Eq. 2.27 and 2.30b):

Qq

slit

Oa)| = =7, X RyT / pmot Al (p/po) - (4.1)

For p/po > pyriu/po the changes of the adsorbate density p,. tend to become
small and therefore o, is approximately proportional to In (p/py). Furthermore,
the slope of the stress isotherm 0o, /0In (p/po) is proportional to pp,e, whose pore
widths dependency is only moderate (compare Figures 4.2e and f).

The effect of temperature on the NLDFT results is exemplified in Figure 4.3
for C'Oy adsorption at 243, 273 and 303 K. For increasing temperature the
adsorption isotherms are shifted to higher relative pressure due to the increased
thermal energy of the adsorbate. This effect is independent of the pore width and
also applies to the tangential stress in the micropores o,). The dependence of
the normal adsorption stress o, | on temperature varies for different pore widths.
For pores smaller than w*, o, is again only shifted to higher relative pressure
for increasing temperature, while for pores larger than w* also the magnitude of
04,1 changes. As can be seen from the inset in Figure 4.3 the contraction for

2The oscillations of 0, | and pmass are slightly shifted with respect to one another; this observation was
already discussed in ref [128].
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Figure 4.3.: Theoretical adsorption isotherms for C'Os adsorption at 243, 273 and 303 K
in slit-shaped pores of width 0.3 and 0.6 nm given as molar volume p,,,; and

corresponding stresses normal and tangential to the pore walls, i.e., o, | and
04, Tespectively.

initial micropore filling and the expansion for progressing adsorption become more
pronounced with decreasing temperature. These observations are in line with

previous NLDFT calculations [128] and GCMC simulations [94] on the dependence
of 0,1 on temperature.
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4.2. Sample Characterization

4.2. Sample Characterization

This section summarizes the results of the characterization techniques described in
section 3.2 applied to the model materials presented in section 3.1. The focus of
the sample characterization is to provide all information necessary for the appli-
cation and validation of the theoretical models on adsorption-induced deformation
described in section 2.3.

4.2.1. SEM Images

SEM images of the carbon xerogels C5000/30/800 and C5000/50/800 are shown
in Figures 4.4 and 4.5; the SEM images of the other carbon samples are virtually
identical to the ones of C5000/50/800 and therefore not presented here. Images
of the zeolites, the silica aerogel and the hierarchical structured silica are given in
Figures 4.6, 4.7, 4.8 and 4.9, respectively. In all cases the resolution of the images
was sufficiently good to relinquish sputter coating of the samples.

Figure 4.4.: SEM image of the carbon xe- Figure 4.5.: SEM image of the carbon xe-
rogel C5000/30/800. Reprinted from ref rogel C5000/50/900, which is representa-
[197] with permission from Elsevier. tive for all other micro-mesoporous car-

bon xerogels. Adapted with permission
from ref [201]. Copyright 2015 American
Chemical Society.

4.2.2. Monolithic Density and Sound Velocity Measurements

The densities of all monolithic samples were determined after degassing according
to the procedure described in section 3.2.1 (Table 4.2). All carbon xerogels and
the hierarchical structured silica were specifically prepared for in-situ dilatometry
measurements as ideal cylinders and thus volume and density of the sample
bodies could be precisely determined. The binderless zeolites supplied by CWK
Chemiewerk Bad Kostritz were roughly spherical in shape allowing only for an
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4. Results

Figure 4.6.: SEM image of the Zeo- Figure 4.7.: SEM image of the sample Ze-
lite KOSTROLITH 13XBFK. The inset olite KOSTROLITH 4ABFK. The inset
shows the schematic of the zeolite’s mi- shows the schematic of the zeolite’s mi-
cropore structure. cropore structure.

Figure 4.8.: SEM images of the silica aerogel. Due to the low electrical conductivity of
amorphous silica the contrast of the image becomes significantly worse for
increased magnification.

52



4.2. Sample Characterization

Figure 4.9.: SEM images of the hierarchical structured porous silica. The insets show
schematics of the sample’s structural entities. Adapted with permission from
ref [129]. Copyright 2017 American Chemical Society.

approximate determination of the samples’ densities. The silica aerogel sample
resembled vaguely a cuboid but was too ill shaped for an external determination
of the sample volume; for this sample the density was determined from Eq. 2.1
applying the total pore volume determined by the Gurvich rule from the N,
adsorption isotherm (Table 4.3) and the density of nonporous sintered silica (2.1
+ 0.1) g/cm? as given in literature [202].

The sound velocities of all samples except the zeolites were determined by
ultrasound runtime measurements as described in section 3.2.3. The obtained
sound velocities range from 500 to 3000 m/s and consequently the ultrasonic
wavelengths were on the order of several hundred microns, i.e., significantly larger
than any structure within the samples. Therefore, the ultrasonic wave was not
sensitive to the nanostructure of the samples but perceived the effective properties
of the porous materials. Following Eq. 3.13 to 3.16 the sound velocity was used
to determine the Young’s modulus E, and the bulk modulus K, of the porous
samples. For this the Poisson’s ratio of the porous solids v, was not explicitly
measured but rather assumed to be in the range of v, = 0.20 4+ 0.05. This covers
the vast majority of v, values reported in literature for porous glasses, aero-
and xerogels [121, 203]. Due to the weak mathematical dependence of Ej, and
K on v, the resulting accuracy is still acceptable. The results are given in Table 4.2.

4.2.3. Gas Adsorption

Gas adsorption measurements for structural characterization (section 3.3.3) were
performed with N, at 77 K and CO, at 273 K. N, at 77 K was chosen for all
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Table 4.2.: Density p; of the macroscopic monolithic samples and the respective results
of sound velocity measurements, i.e., the longitudinal sound velocity vsoynd,
the Young’s modulus Fj and the bulk modulus Kj. For the calculation of Ej

and K a Poisson’s ratio of v, = 0.20 £ 0.05 was assumed.

Sample Pb Usound Eb Kb
lg/cm®] [m/s] [MPal [MPa]

C5000/30/800 0.292 & 0.011 5252 £26 725 +74 40.3 £ 5.8
C5000/50/800 0.741 £ 0.016 3052 + 32 6210 4+ 550 3450 + 450
C5000/50/900 0.649 + 0.011 2723 + 33 4330 + 380 2410 + 310
C5000/50/900A 0.618 & 0.011 2673 £ 32 3980 4+ 350 2210 + 280
C5000/50/1200 0.640 + 0.011 2965 + 46 5070 4+ 460 2810 + 370
C5000/50/1400 0.637 = 0.011 2986 + 12 5110 4+ 410 2840 + 350
C5000/50/1600 0.637 + 0.011 3016 + 31 5220 4+ 430 2900 + 370
C5000/50/1800 0.629 + 0.010 3033 £ 20 5210 4+ 430 2890 + 360
Zeolite LTA 1.040 £+ 0.077 - - -
Zeolite FAU 1.048 £ 0.044 - - -
silica aerogel 0.267 4 0.009 493 + 13 58.4 + 6.6 324 £ 5.1
hierarchical structured 0.525 4+ 0.029 2547 £ 91 3070 4+ 420 1700 + 310

porous silica

carbon samples, the silica aerogel and the hierarchical structured silica due to their
more or less pronounced mesopore structure. The carbon and zeolite samples were
also subjected to C'Oy adsorption at 273 K to obtain further information on their
microporosity.

The N, adsorption isotherms of the silica aerogel and the hierarchical struc-
tured silica were analyzed by Gurvich rule and BET theory for the total mesopore
volume Viyrvich, the specific mesopore surface area Sgpr and the energetic param-
eter Cppr; additionally, the average mesopore diameter dpeso = 4Vourvicn/SBET
was calculated assuming cylindrical pore geometry (Eq. 2.3b). The respective
results are summarized in Table 4.3.

The N, adsorption isotherms of the carbon samples were analyzed by the
Gurvich rule and the t-plot method for the combined micro- and mesopore
volume Vgyich, the micropore volume V. (t-plot) and the specific surface
area of the carbon particles S.;;. From these results the specific mesopore
volume Vieso = Vourviech — Vimic (t-plot) and the average mesopore diameter
Ameso = AVimeso/Sext Were calculated assuming cylindrical pore geometry (Eq.
2.3b). The results for the carbon based samples are given in Table 4.4.

To obtain further information on the (accessible) microporosity of the carbon
samples their Ny and C'O, adsorption isotherms were analyzed by the integral
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4.2. Sample Characterization

Table 4.3.: Structural parameters of mesoporous silica model materials obtained from Ny
adsorption isotherms by Gurvich rule and BET-Theory, i.e., the specific meso-
pore volume Vi rvich, the specific surface area Sgpr and the C'gpr parameter.
Additionally the average mesopore diameter d,cso is given.

Sample VGurvich SBET CBET szeso
[cm?/g] [m?/g] [nm]

silica aerogel 3.27 £ 0.12 380 £ 5 71 4+ 2 344 £+ 1.3

hierarchical structured 0.24 £+ 0.01 203 £ 5 79 + 2 4.7 + 0.2

porous silica

Table 4.4.: Structural parameters of carbon samples obtained from N, adsorption
isotherms by Gurvich rule and t-plot method, i.e., the specific pore volumes
VGurvich, Vmic (t-plot) and V,es0 as well as the specific external surface area
Sext- Additionally, the mesopore volume and the average mesopore diameter
dmeso are given.

Sample VG’urvich Se:vt Vinic (t—plot) Vineso dmeso
[em?/g] [m?/g] [em? /g [em?/g] [nm)
C5000/30/800 - 1141 0.25 £ 0.01 - 990 + 140*
C5000/50/800 0.86 +£0.01 205 +£10 0.20=£0.01 0.66+0.01 12.9+£0.7
C5000/50/900 1.09 £ 0.01 235 +10 0.23 £0.01 0.86£0.01 14.7£0.7
C5000/50/900A 1.14 +0.01 235+ 10 0.26 +0.01 0.88 +£0.01 15.0 + 0.7
C5000/50/1200  1.05 +0.01 240 + 10 0.17+£0.01 0.87+0.01 14.6 + 0.7
C5000/50/1400  0.98 +0.01 236 + 10 0.11 +0.01 0.87 +£0.01 14.7 + 0.7
C5000/50/1600  0.90 + 0.01 230 + 10 0.05+0.01 0.86 £0.01 14.8 +0.7
C5000/50/1800  0.89 + 0.01 2354+ 10 0.02+0.01 0.87 +£0.01 14.8 +0.7

* This value was obtained by the macropore volume derived from bulk and particle density and is
obviously in the range of macropores (Eq. 2.1).

adsorption equation (section 3.2.2) utilizing the results of the NLDFT calculations
obtained within this work (section 4.1). As described in refs [113, 188] the analysis
of neither Ny nor C'O, adsorption isotherm is sufficient to obtain the entire
micropore size distribution of a carbon. Analysis of N, adsorption data is limited
to pore widths larger than approximately 0.5 nm, while the analysis of CO,
adsorption data is limited to pore widths smaller than approximately 1 nm. A
solution to this problem is the combination of the pore size distributions obtained
from Ny and C'O, adsorption data in the overlapping range of 0.5 nm < w < 1 nm
[188, 204]; this is illustrated in Figure 4.10 for the sample C5000/50/800. As was
emphasized in refs [188, 197] the (partially very sharp) spikes of PSDs obtained by
automated Tikhonov regularization should be not be overinterpreted as a detailed
substructure of the carbon but considered artifacts of the applied algorithm. From

the combined PSD the specific micropore volume V. (DFT) (Eq. 3.10), the
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Figure 4.10.: PSDs evaluated from Ns and C'Oy adsorption isotherms for the samples

C5000/50/800 (left) and C5000/50,/1400 (right). Additionally, for the sam-
ple C5000/50/800 a connected PSD is shown.

specific micropore area S,,;. (DFT) (Eq. eq:SmicDFT) and the average micropore
width w (Eq. 3.12) were determined; respective results are summarized in Table 4.5.

While this approach is feasible for carbon samples, which exhibit microporosity
fully accessible for both Ny and C'O, [201], the microporosity in thermally annealed
carbon samples may offer different accessibilities for Ny and C'Os. For the samples
investigated in this work, this effect was found for annealing temperatures exceed-
ing 1200 °C. The apparent consequence is that for samples annealed above 1200 °C
the cumulative PSDs derived from N, and C'O, adsorption data no longer exhibit
an intersection point (Figure 4.10). Therefore, for the carbon samples annealed
at 1400, 1600 and 1800 °C separate Ny and COy micropore size distributions
had to be determined. Unfortunately, the lack of an intersection point of the
cumulative PSDs leaves room for some arbitrariness, how the information from N,
and C'O, data evaluation are to be combined. The procedure used in this work
to obtain at least an estimate of the respective PSDs is described in the Appendix E.

56



4.2. Sample Characterization

Table 4.5.: Results of the NLDFT analysis of Ny and COs adsorption isotherms, i.e., the
specific micropore volume V,,,;c (DFT), the specific micropore area Sy,;. (DFT)
and the average pore width w. For carbons annealed at temperatures of
1400, 1600 and 1800 °C Ny and CO, access different fractions of the overall
microporosity and thus results for No and C O, differ.

sample Vinic (DFT) Smic (DFT) w
NQ/COQ [Cm3/g] NQ/COQ [m2/g] N2/002 [nm]
C5000/30/800 0.252 973 0.52
C5000/50/800 0.200 750 0.53
C5000/50,/900 0.218 815 0.54
C5000/50/900A 0.256 945 0.59
C5000/50,/1200 0.171 575 0.59
C5000/50/1400 0.110/0.134 306-337/433 0.65-0.72/0.62
C5000/50/1600 0.052/0.072 133-148/227 0.71-0.79/0.64
C5000/50,/1800 0.026,/0.033 71-76/102 0.69-0.74/0.65

4.2.4. Derived Structural Quantities

By combining the monolithic density p, (Table 4.2) and the results obtained
from the gas adsorption measurements (Table 4.3 to 4.5) additional structural
parameters of the samples investigated were derived. For the carbon xerogels the
following parameters were calculated (section 2.1): the density of the porous solid’s
skeleton pg (N2) = 1/ (1/py — Vourvien) as perceived by Ny molecules at 77 K, the
density ppart = 1/ (1/pp — Vineso), the diameter dpey = 6/ (Sext - Ppart) and the
porosity @part = Vinic (DET) - ppare of the microporous particles within the xerogel
as well as the porosity of the particle network ¢net = 1 — py/ppart- All numerical
results are given in Table 4.6.

For the mesoporous carbon samples not subjected to annealing ps(Ng) cor-
responds to the density of the carbon microcrystallites forming the particles and
the obtained values are well in line with the results from He pycnometry p, (He)
= (2.06 + 0.06) g/cm?® reported in literature [142]. In contrast, for the annealed
samples p; (Vo) is lower than pg (He), since a fraction of the total pore volume
is not accessible to Ny; this effect becomes more pronounced with increasing
annealing temperature [132]. For the macroporous carbon xerogel, C5000/30/800,
ps (V) could not be determined and for all consecutive calculations ps (He) was
used instead. Furthermore, for the sample C5000/30/800 an average macropore
diameter was calculated by d, = 4 (1/py — 1/ppart) /Sear (Table 4.4).

For the silica aerogel, the parameters dp,t = 6/ (Ser - Ppart) and ¢ were
calculated in analogy to the carbon xerogels assuming the particle density to be
equal to the density of nonporous silica, i.e., ppart = psitica = (2.1 = 0.1) g/cm?
[202]. Since the particles of the silica aerogel as seen by SEM (Figure 4.8)
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Table 4.6.: Structural parameters of the carbon xerogels, i.e., the solid density of the
nonporous solid skeleton ps (N2) as perceived by Ny molecules, the density
Ppart; the diameter d,q+ and the porosity ¢p.r+ of the microporous particles
forming the xerogel network as well as the porosity of the particle network

¢net'
Sample Ps (NQ) Ppart dpart d)part ¢net
|g/cm’] [g/cm?] [nm] No/COy []  [%]
C5000/30/800 - 1.38 £ 0.06 395 £+ 26 35 £ 2 79 £4
C5000/50/800 2.06 £0.13 145+ 0.07 20.2£0.7 29 £ 2 49 + 3
C5000/50/900 221 +£0.14 147 +0.06 17.3 £0.5 33 £ 2 56 £ 3
C5000/50/900A  2.11 +£0.13 1.35 £ 0.06 18.8 £ 0.6 36 £ 2 54 £ 2
C5000/50/1200 191 +0.11 1.44 £0.06 174+ 0.5 25+ 2 56 £ 3
C5000/50/1400  1.68 £ 0.08 1.43 £0.06 17.8 +0.5 15/19 + 2 55 £ 3
C5000/50/1600  1.49 + 0.06 1.39 + 0.06 18.8 +£ 0.6 7/10 £ 1 54 £+ 2
C5000/50/1800  1.44 + 0.06 1.40 +£ 0.06 18.3 £ 0.6 3/4.6 £ 1 55 £ 2

Table 4.7.: Structural parameters of the silica aerogel, i.e., the diameter of the network
entities assuming spherical (dpqr¢) or cylindrical (d,.q) geometry as well as the
porosity of the sol gel network ¢pet.

Sample dpart drod gbnet
[nm] [nm] %]
silica aerogel 7.5 +04 5.0 £ 0.2 87+ 5

may be fused by the sintering process, the approximation of spherical particles
may no longer be valid and instead the silica structure is better described by
cylindrical rods. Therefore the structural characterization of the silica aerogel
is complemented by the strut diameter d..q = 4/ (Sper * psitica) (Eq. 2.6b). All
numerical results are given in Table 4.7.

The hierarchical structured silica was analyzed with respect to the den-
Slty Pstrut = ]-/ (]-/ps+VGurm'ch) and the POTOSity gbstrut = 1- pstrut/ps Of
the struts forming the macroporous network as well as the lattice parameter

1/2
it = dmeso <7T/ (2\/§¢Stmt)) / of the hexagonal mesopore lattice [178] and

the porosity of the strut network ¢, = 1 — pp/psirue- Again the density of the
nonporous solid phase p, was assumed to be equal to the literature value for
sintered silica [202]. The obtained results are given in Table 4.8.
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4.3. in-situ Dilatometry

Table 4.8.: Structural parameters of the hierarchically structured silica, i.e., the density
pstrut and the porosity g of the mesoporous struts, the constant of the
hexagonal mesopore lattice dj,;; and the porosity of the macroporous network

(bnet .

sample Pstrut Dstrut dyatt Dnet

lg/cm’] (%] [nm] (%]

hierarchical  structured 1.40 4+ 0.05 34 £+ 2 7.8 +04 62 £+ 4
porous silica

4.3. in-situ Dilatometry

A major part of this work consists of comprehensive measurements of gas adsorp-
tion combined with in-situ dilatometry. Based on the structural properties of the
samples different combination of analysis gas and temperature were applied, i.e.,
the purely mesoporous silica samples (silica aerogel and hierarchical structured
silica) were only investigated during N, adsorption at 77 K, while for the micro-
porous carbon xerogels in-situ dilatometry measurements were also performed for
C O, adsorption at 273 K. The micro-mesoporous carbon sample C5000/50/800
was additionally investigated during the adsorption of Ar at 77 K and H,O at
298 K. The microporous zeolites were only analyzed for C'Oy adsorption at 273 K.
As described in section 3.3 each measurement consists of a common adsorption
isotherm N, /Msampie (p/Po) and a linear strain isotherm €45 (p/po). For the sake of
comparison (in particular of different adsorbates) all amounts adsorbed are given
as specific liquid volume N,/Msample - V.-

In the following the different types of adsorption and strain isotherms ob-
tained are described. To begin with, the mesoporous silica aerogel and hierarchical
structured silica are considered; their combined N, adsorption and strain isotherms
are shown in Figure 4.11 and 4.12, respectively. Both samples exhibit type IV (a)
adsorption isotherms characteristic for mesoporous materials (compare Figure
2.2). However, due to the larger pore size and higher mesoporosity of the silica
aerogel its adsorption hysteresis is a more pronounced and found at higher relative
pressure. The higher mesoporosity of the silica aerogel also increases the overall
adsorption by an order of magnitude compared to the hierarchical structured silica.
Contrary to the qualitative similarity of their adsorption isotherms, the strain
isotherms of silica aerogel and hierarchical structured silica appear significantly
different. While the hierarchical structured silica shows essentially monotonic
expansion with increasing relative pressure (except for the hysteresis regime),
the silica aerogels expands only at very low relative pressure before switching to
contraction for progressing adsorption and back to expansion, once it reaches the
filled pore state. Also, the strain hysteresis and the local minima/maxima values
of the strain isotherm are significantly more pronounced for the silica aerogel.
Notably, each sample is qualitatively in line with strain isotherms reported in
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Figure 4.11.: Experimental Ny adsorption
and strain isotherm at 77 K for the silica
aerogel. The inset in the upper panel shows
a magnification of the adsorption isotherm’s
plateau regime and the inset in the lower
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Figure 4.12.: Experimental Ny adsorption
and strain isotherm at 77 K for the hier-
archical structured silica. Adapted with
permission from ref [129]. Copyright 2017
American Chemical Society.

panel shows a magnification of the sample’s
expansion at low relative pressure.

literature for comparable materials ([27] for silica aerogels and [25] for porous glass).

To illustrate adsorption and adsorption-induced deformation of carbon xerogels
the adsorption and strain isotherms of the sample C5000/50/800 are shown for Ny
and Ar at 77 K in Figure 4.13, for CO; at 273 K in Figure 4.14 (left) and H,O
at 298 K in Figure 4.14 (right). A detailed discussion of these experimental data
sets can be found in reference related to this work [201] and thus only the most
important aspects are repeated here. To begin with, the Ny and Ar isotherms
of the carbon xerogel are considered. Due to the micro- and mesoporosity
of the sample C5000/50/800 its No (77 K) adsorption isotherm (Figure 4.13,
left) is a combination of the ITUPAC types I(a) and IV(a). In contrast, the Ar
(77 K) adsorption isotherm of the sample exhibits no capillary condensation and
correlated adsorption hysteresis; this effect is known in literature and attributed
to the fact that the temperature of 77 K is below the triple point of Ar [205]. In
the low relative pressure regime (p/py < 0.1, see Figure 4.13, right) Ny (77 K)
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and Ar (77 K) adsorption isotherms of the sample C5000/50/800 run essentially
parallel corresponding well to various other carbon materials found in literature
(e.g. [180, 206]). The shift in relative pressure between N; and Ar adsorption
results from the small quadrupole moment of the N, molecule, which slightly
increases its interaction potential with carbon [207]. The strain isotherms for
Ny and Ar adsorption both show the nonmonotonic behavior reported for the
combination of various microporous carbons and adsorbents (e.g. [5-7, 10,
18-21, 52, 208]: for initial adsorption the sample contracts till it reaches a strain
minimum. For further progressing adsorption the contraction is regressing and
the sample shifts over to monotonic expansion. In addition to that, the Ny strain
isotherm exhibits a small strain hysteresis in the range relative pressure range of
the filled pore state (inset in Figure 4.13, right). However, the fact that Ar and
N, strain isotherms are virtually identical, except for the above mentioned shift in
relative pressure, suggests that the state of filled mesopores, which is only achieved
in the Ny experiment, is of minor importance for the strain in the considered sample.

The adsorption of COy at 273 K (Figure 4.14) causes qualitatively the same
strain isotherm as Ny and Ar at 77 K, but the initial contraction is significantly
smaller. As to be expected for micropore filling, the C'Oy adsorption and strain
isotherms are fully reversible within the experimental accuracy. Notably, the
experimental data sets for C'Oy are restricted to relative pressures below 0.03 due
to the instruments limit in absolute pressure of 1 bar (compare section 3.3).

Finally, H,O (298 K) adsorption on carbon (Figure 4.14, right) differs to
some extent from the adsorption of the other adsorbates due to the weak in-
teraction of the H,O molecule with hydrophobic carbon surface [209]. The
adsorption of H,O molecules does not create a homogeneous film on the carbon
as other adsorbates, but rather forms clusters around polar functional groups on
the carbon surface, which eventually coalesce and fill adjacent micropores [210].
As a consequence, H,(O adsorption in carbon micropores shows quite different
characteristics compared to the other adsorbates considered in this work including
that the density of the H,O phase within the micropores is significantly lower than
free water (approximately 0.8 g/cm?® [201, 211, 212]). As a side effect, capillary
condensation in carbon mesopores is usually not observed without oversaturation
of the sample [212]. The often observed hysteresis of carbon HyO adsorption
isotherms is therefore not related to mesopores but to the configuration of HO
molecules within the micropores, which is predicted to change between ad- and
desorption [213]. Despite the significant differences of HoO adsorption in carbons
when compared to other adsorptives, the corresponding H,O strain isotherm of the
carbon exhibits again the common nonmonotonic shape. However, quantitatively
the minimum of the HyO strain isotherm is deeper and the maximal expansion
approaching saturation is lower than for the other adsorptives.

The adsorption and strain isotherms for the second type of microporous material
investigated in this work, i.e., the zeolites Kostrolith 4ABFK (type LTA) and
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Figure 4.13.: Experimental Ny and Ar adsorption and strain isotherms obtained for the
sample C5000/50/800 at 77 K (on linear scale (left) and on half-logarithmic
scale (right)). Closed symbols denote adsorption and open symbols denote
desorption. The inset in the lower panel (left) is a magnification of the
strain isotherm in the relative pressure regime of capillary condensation,
while the inset in the lower panel (right) is a magnification of initial sample
contraction at low relative pressure. Adapted with permission from ref [201].
Copyright 2015 American Chemical Society.
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Figure 4.15.: Experimental C'Oy adsorption and strain isotherms obtained for the zeolite
samples Kostrolith 4ABFK (type LTA) and 13XBFK (type FAU) at 273 K.

Kostrolith 13XBFK (type FAU), were obtained for C'Oy adsorption at 273 K
and are shown in Figure 4.15.> In the relative pressure range p/py < 10 the
adsorption isotherms for both zeolites are very similar showing approximately
logarithmic dependence between N,/Mgumpie and p/py. For relative pressures
above 10 the adsorption of the zeolite 13XBFK is larger than for the zeolite
4ABFK and both adsorption isotherms drift apart. Contrary to the adsorp-
tion isotherms, the strain isotherms of both samples are qualitatively different.
While the zeolite 13XBFK exhibits the common nonmonotonic strain isotherm
reported in literature for zeolites during Kr and Xe adsorption [35-37], the strain
isotherm of the zeolite 4ABFK shows monotonic expansion over the whole relative
pressure range considered. This rather exceptional result is discussed in section 5.6.

3 Analogous measurements for N adsorption at 77 K were not possible, because at 77 K the microporosity
of the zeolite 4A is not accessible to N».
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In this section the experimental results of adsorption measurements with in-situ
dilatometry (section 4.3) are discussed in correlation with the theoretical models
for adsorption-induced deformation (section 2.3). The outline of this section follows
the structural features of the sample materials, i.e., micro- and mesoporosity as
well as order and disorder (Figure 3.1). The final goal of each section is to identify
the major deformation mechanisms relevant for the samples considered and (where
possible) obtain a quantitative description of the dilatometric strain. For the latter,
the structural parameters of each sample (section 4.2) and the NLDF'T calculations
(section 4.1) serve as input, while the typically unknown mechanical parameters of
the samples are adapted and compared to reference values.

5.1. Hierarchical Structured Porous Silica - Ordered
Mesoporosity

The approach for the description of the strain isotherm of the hierarchical
structured porous silica (Figure 4.12) is a combination of the adsorption stress
model for cylindrical mesopores, DBdB theory and the mechanical model of a
cylindrical tube (section 2.3.2). The strategy applied in the following begins at
modeling of the experimental adsorption isotherm of the hierarchical structured
silica by DBdB theory. Based on the obtained DBdB model parameters, the
stresses inside a cylindrical pore and the respective strains of a cylindrical tube
are calculated. For a quantitative description of the sample’s dilatometric strain
isotherm furthermore a simple strut network model is introduced. The filled pore
regime of the strain isotherm is then fitted to the overall model and predictions
for film and hysteresis regime are derived. Finally, mechanical and structural
parameters of the hierarchical structured silica are evaluated from strain data. A
very detailed discussion of this procedure is given in a publication related to this
work [129] and thus only the most important aspects are reproduced in this section.

The first step of describing the dilatometric strain isotherm of the hierarchi-
cal silica (No, 77 K) is the modeling of the respective experimental adsorption
isotherm by DBdB theory assuming the cylindrical pore geometry (Eq. 2.18 to
2.22). The disjoining reference isotherm II(h) of a macroporous silica material
with similar surface chemistry required for the modeling is given in Appendix B.
Figure 5.1 shows the experimental adsorption isotherm and the result of the DBdB
modeling. The structural parameters adapted in the theoretical model were the
average mesopore diameter dpggp = 4.7 nm and the specific mesopore surface area
Sppap = 205 m?/g, which are both in good agreement with the results from other
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Figure 5.1.: Experimental adsorption isotherm (N2, 77 K) of the hierarchical structured
porous silica (closed symbols adsorption, open symbols desorption) and re-
spective modeling by DBdB theory. Adapted with permission from ref [129].
Copyright 2017 American Chemical Society.

adsorption models, i.e., Sppr = 203 m?/g and dymeso = 4.7 nm (Table 4.3).

Employing the mesopore diameter dpggp and the respective reference isotherm
II(h) (Appendix B) the stress isotherms o4 (p/po) and o, (p/po) were calculated
according to Eq. 2.29 in film and filled pore regime, respectively (Figure 5.2); the
offset of the strains was shifted to match the reference point, i.e., zero stress at
vacuum conditions.

The radial stress o, shown in Figure 5.2 corresponds to the adsorption stress
of the Gor-Neimark model [79] and shows the approximately triangular hysteresis
behavior also found in many experimental studies on the adsorption-induced
deformation of mesoporous materials, e.g., refs [25, 28, 30]. Notably, the stress
hysteresis is a direct consequence of the adsorption hysteresis. Comparing radial
and axial stresses, the axial stress o, is found to be approximately twice as
large as the radial one o, in the film regime; this result is typical for Bangham
stress dominated effects on cylindrical structures [121]. In the hysteresis regime
the loop of the axial stress o, is reversed in comparison to the radial stress.
Considering the definition of o, (Eq. 2.29b) the hysteresis of the axial stress
follows directly of the hysteresis of the adsorbate’s grand potential: at the relative
pressure of capillary condensation o, exhibits an upward step, since the film state
is metastable with respect to the filled pore state, while capillary evaporation is an
equilibrium transition and consequently the axial stress exhibits no jump at this
point. Lastly, in the film regime both stresses run parallel due to their dependence
on the capillary pressure.

Inserting the stresses o, 1 (p/po) and o4 (p/po) as shown in Figure 5.2 into
Eq. 2.33 the corresponding theoretical strain isotherms e, (p/po) and 4, (p/po)
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Figure 5.2.: Axial stress o, (p/po) and radial stress 0,1 (p/po) calculated according to
Eq. 2.29 for a pore diameter dppyp = 4.7 nm (upper panel); corresponding
axial strain €, (p/po) and radial strain €, 1 (p/po) calculated from the strains
shown in the upper panel according to Eq. 2.33 multiplied by the Young’s
modulus of the nonporous solid backbone E. The Poisson’s ratio v applied
to Eq. 2.33 was assumed to be 0.2 [129] (lower panel). The horizontal lines
in the upper panel mark the different regimes of the adsorption process, i.e.,
the film regime, the hysteresis regime and the filled pore regime. Adapted
with permission from ref [129]. Copyright 2017 American Chemical Society.
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are obtained (Figure 5.2). Since the mechanical properties £ and v required for
explicit calculations of ¢, and &, are a priori unknown, the strain isotherms
shown in Figure 5.2 are represented in terms of ¢ - E, with E being a simple
scaling factor for the strains. The impact of the Poisson’s ratio v on the strain
isotherms is generally more complex (see solution of the Lamé problem in Eq.
2.33), however, because the nonporous solid phase of the hierarchically silica can
be expected to be similar to other silica based materials, a reasonable estimate for
the Poisson’s ratio is ¥ = 0.20 £ 0.05 [121]. For this limited range of the Poisson’s
ratio the variation of the strain isotherms is only minor [129] and therefore the
representative value of v = 0.20 was used for the lower plot in Figure 5.2.

The comparison of axial and radial strains predicted by the model shows
that both strains are almost identical in the film state of the adsorption process.
While this result may appear counterintuitive with respect the large difference of
the underlying stresses in this state, it is a simple consequence of the cylindrical
pore geometry and its response to axial and radial strain, respectively (Eq. 2.33).
For the same reason axial and radial strains in the filled pore regime deviate
significantly from one another, although the related stresses in both directions are
proportional to the capillary pressure. Of particular importance are the shapes of
the strain hystereses in both cases: while the radial strain exhibits the hysteresis
commonly associated with mesoporous materials [25, 28, 30|, i.e., within the
hysteresis loop the filled pore state exhibits lower strain than in the film state,
this behavior is reversed for the axial strain. The hysteresis of the axial strain
isotherm follows from qualitative identical hysteresis of the underlying axial stress.
In addition to that, the Poisson’s effect causes a direct correlation of axial and
radial strain hysteresis, i.e., the radial strain hysteresis is to some extent inversely
imprinted on the axial strain hysteresis and vice versa. Since radial and axial strain
hystereses show qualitatively opposing behavior, this way both strain hystereses
become even more pronounced.

In the next step, the experimentally determined dilatometric strain isotherm
eqir (p/po) of the hierarchically silica (4.12) is compared to the theoretical model
described above. For this, the macroporous strut network of the sample has to be
taken into account. Here it is assumed that the strut network can be simplified
by two perpendicular arranged struts as shown in Figure 5.3. In this case the
dilatometric strain corresponds to a superposition of the struts’ axial and radial
strains, with the deformation of the individual struts being given by the cylindrical
tube model. Quantitatively, this approach leads to

Eail = T g1 + (1 =) - €q, 0<z<1, (5.1)

where the model parameter z is the relative contribution of the radial strain
to the dilatometric strain of the macroscopic monolith sample and (1 — z) the
respective contribution of the axial strain.

For the quantitative data evaluation, at first the filled pore regime is considered,
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Figure 5.3.: Model of two perpendicular arranged struts as representation of the whole
strut network. Reprinted with permission from ref [129]. Copyright 2017
American Chemical Society.

since here axial and radial strain (and therefore their superposition according to
Eq. 5.1) are predicted to be directly proportional to the capillary pressure p.q, (Eq.
2.31c and 2.31d). As shown in Figure 5.4 the linear correlation €4 o peqp is indeed
valid for the experimental data of the hierarchically silica considered in this work.
By combining Eq. 2.29, 2.33 and 5.1 the slope 0ec4;;/0peqp and the intercept q4; (po)
of the linear fit shown in Figure 5.4 can be written as

l1-v s Is
cai (p0) = Eus (o) = 20 () =20 -7 22 B (5

85dﬂ 2—v ¢
apca]u E 1— ¢ ( )
Notably, Eq. 5.2 neglects the impact of the saturation pressure py on the sample
strain implying F > pyg.

(5.3)

To obtain a description of the strain isotherm over the whole relative pressure
range based on the stresses 0,1 and o, (Figure 5.2) Eq. 2.33 as well as Eq. 5.2
and 5.3 (solved for E and z, respectively) are inserted into Eq. 5.1 resulting in

Ocgn 1 2 Oequ
il — 2 - 7 a 7 a,l|» 5.4
2 Vs — Vsl E 1— ¢
k= . = . . 5.5
ait (o) R l-v ¢ (5:5)

Here 0c4i/0peay and k are effective mechanical parameters of the sample
investigated, which incorporate the sample properties E, v, ¢ and x. On the
other hand, the parameter k is also fully determined by the fit parameter
dit (Po) = €dit (Peap = 0), the pore radius R and the surface energy change v, — 74,
which were already obtained by the fit shown in Figure 5.4 and the modeling of
the adsorption isotherm by DBdAB theory (Figure 5.1), respectively. Thus the
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Figure 5.4.: Experimental strain of the hierarchical structured porous silica (Figure 4.12)
in the filled pore regime plotted versus capillary pressure peqp (Eq. 2.25)
and fitted by a linear correlation [129]. The shown data corresponds to
the plateau of the sample’s adsorption isotherm (Figure 5.1) in the relative
pressure range between 0.5 and 1. Adapted with permission from ref [129].
Copyright 2017 American Chemical Society.

dilatometric strain isotherm is given over the whole relative pressure range by
Eq. 5.4 when combing the modeling of the adsorption isotherm (Figure 5.1), the
stresses 04, (p/po) and o4 1 (p/po) (Figure 5.2) and the fit of the strain in the filled
pore regime (Figure 5.4).

The experimental strain isotherm and the result of Eq. 5.4 are compared in
Figure 5.5 as a function of relative pressure and specific amount adsorbed,
respectively. Here the surface energy change v, — 74 = 50.6 mJ/m? (Eq. 2.32),
the pore radius R = dppgp/2 = 2.35 nm (Figure 5.1) and the fit parameters
024i1/ OPeap = 5.51-10° MPa! and ey (po) = 1.93-10* (Figure 5.4) were applied.
Due to the inclusion of the fit parameters 0cgi/Opeap and egi (po) into Eq. 5.4
the theoretical strain isotherm is in good agreement with the experiment for the
filled pore regime. Consequently, film and hysteresis regime of the strain isotherms
have to be considered for further validation of the applied approach. In the film
regime, the theoretical model underestimates the dilatometric strain: starting
from vacuum conditions, the discrepancy between model and experiment increases
with relative pressure up to p/po ~ 0.2. Here the quantitative deviations begin to
recede leading to quantitative agreement of theoretical and dilatometric strain at
the point of capillary condensation. Furthermore, the predicted shape of the strain
hysteresis is qualitatively correct, i.e., within the strain loop the filled pore state
exhibits lower strain than the film state.

Finally, explicit values for the Young’s modulus £ and the structural parameter
x are derived. Inserting the surface energy change =, — 74, the pore radius
R = dppap/2 and the fit parameters 0eg;;/Opeap and eq4; (po) as given above as well
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cific amount adsorbed (lower panel) [129]. Adapted with permission from ref
[129]. Copyright 2017 American Chemical Society.
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as the strut porosity ¢ = ¢y = 0.34 + 0.02 (Table 4.8) and the Poisson’s ratio
v = 0.20 £ 0.05 into Eq. 5.2 and 5.3 yields £ = (92 £+ 6) GPa and x = 0.33 +
0.02. According to Figure 5.3 the ratio (1 — x)/z should be equal to the average
ratio of strut length to strut diameter; from the SEM image of the sample shown
Figure 4.9 one may estimate (1 — x)/x in the range of 2 to 5. This corresponds to
x = 0.20 to 0.33, which is in reasonable agreement with the result obtained from
the model. The Young’s modulus E on the other hand appears rather high when
e.g. compared to the Young’s modulus of fused silica (73 GPa [214]). An obvious
interpretation of the high apparent Young’s modulus is the model’s neglect of
deformation effects beyond the individual mesopore, i.e., in particular bending of
struts within the macroporous strut network. Based on the structure seen on SEM
images (Figure 4.9) it appears likely that the struts cannot deform entirely free,
but are subject to mechanical confinement arising from their knot like connections.
Such confinement could be capable of redirecting adsorption stimulated expansion
into strut bending, which would only partially be detected by the dilatometric
technique and therefore create the impression of increased mechanical stiffness.

Another potential source for deviations between model and experiment is
the assumption of constant mechanical properties for the nonporous solid skeleton,
i.e., F and v. While the magnitude of the observed dilatometric strain suggests the
validity of elastic deformation, both, increase as well as decrease of the adsorbent’s
mechanical stiffness due to adsorption were suggested [95, 215]. This effect should
be particularly pronounced for microporous materials, but cannot be excluded for
mesoporous samples.

In summary, the applied combination of advanced adsorption stress model,
DBdAB theory and mechanical model of a cylindrical tube is capable of describing
adsorption-induced deformation of the hierarchically structured silica.  The
numerical values for the obtained mechanical and structural parameters (£ and
x, respectively) are in reasonable agreement with expectations. Although the
model simplifies specific aspects of the sample structure such as the macroporous
strut network, the major mechanisms of its adsorption-induced deformation are
apparently well covered.

5.2. Silica Aerogel - Disordered Mesoporosity

For the discussion of the experimental strain isotherm obtained for the silica aero-
gel during N, adsorption at 77 K (Figure 4.11) the theoretical framework for
adsorption-induced deformation of aero- /xerogel networks described in section 2.3.3
was applied. Since aero-/xerogel structures considered in this work are entirely dis-
ordered and isotropic, the correlation of the dilatometric (linear) strain £4; and the
theoretical (volumetric) network strain &, is given by:

Enet = (1 + €an)”’ ~ 3eau. (5.6)
The second equality in Eq. 5.6 is an approximation for e4; < 1, which is valid
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Figure 5.6.: Experimental adsorption isotherm of the silica aerogel (N2, 77 K) (left) and
respective dilatometric strain in the filled pore regime including linear fits
according to Eq. 2.39 (right). Full symbols denote adsorption, open symbols
denote desorption.

for all aero-/xerogel samples considered in this work.

In direct analogy to the deformation of the hierarchical structured silica dis-
cussed in the previous section, the strain isotherm of the silica aerogel has to be
separated into film and filled pore regime (Eq. 2.38 and 2.39, respectively). Again,
the state of filled pores is considered first, before the more complex film regime
is analyzed. Thus, data evaluation begins at relative pressure > 0.9, where the
type IV adsorption isotherm of the silica aerogel exhibits the plateau associated
with the filled pore state.! Following Eq. 2.39 in this regime, the strain of the
sample et finea 1s predicted to be proportional to (Gner = Peap (/Po) — p)* with the
proportionality factor being equal to the aerogel’s inverse bulk modulus, i.e., 1/Kj,.
Here ¢, is the porosity of the aerogel’s network, p.,, is the capillary pressure
(Eq. 2.25) and p is the gas pressure of the adsorptive. To verify this correlation
Figure 5.6 shows a plot of €4 versus (¢net - Deap (P/Po) — p) and the most extreme
linear fits possible within the error bars, which are dominated the accuracy of ¢,
(Table 4.7). The slopes of the linear fits allow for the determination of the bulk
modulus K3, = (39.1 & 1.6) MPa. This value is higher than the one obtained from
sound velocity measurements, i.e., (32.4 £ 5.1) MPa (Table 4.2), however, in the
very limits of accuracy both values are still consistent.

An additional consistency check for Eq. 2.39 is the sample strain at saturation
pressure £,¢ (po), which can be determined by extrapolation of the fit shown in
Figure 5.6. According to the combination of Eq. 2.39 with Eq. 2.34 and 2.35,

'Due to the adsorption-induced strain the "plateau" of the silica aerogel’s adsorption isotherm is not flat
but exhibits some slope.

2In contrast to the hierarchically structured silica discussed in the previous section, the bulk modulus of
the silica aerogel is so low that the impact of the adsorptive pressure p onto the aerogel strain cannot
be neglected.
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respectively, €,¢ (po) is given by

2 (78 - 731) _ @
Rpart Kpart Ky
L—Vpoa 2(7s —7s1) Do
1= 2Uod RyoiBroa  Kp

Enet (Do) = for spherical particles or (5.7a)

Enet (Do) = for cylindrical rods (5.7b)

depending on the geometry of the network forming entities. For quantitative
evaluation of e, (po) obtained from Figure 5.6 the bulk modulus of the network
entities is calculated to be K.+ = (12 £ 1) GPa or K,,q = (25 £ 6) GPa,
respectively, assuming v,,¢ = 0.20 £ 0.05 [121], v, — 74 = 55 mJ/m* (Eq. 2.32
with R = dpeso/2 = 17.2 nm, Table 4.3), py = 0.1 MPa [193], K, = (39.1 +
1.6) MPa as well as the radii Rypt = dpart/2 = 3.75 nm and Ryoq = droa/2 =
2.5 nm, respectively (Table 4.7).

For comparison, the bulk modulus of nonporous fused silica K = 39.9 GPa is
considered [214] showing that neither K, nor K,,; reach the stiffness of fused
silica. The relative deviations between the bulk moduli obtained from the model
and the reference value favor the model of rod-shaped structural entities as would
be expected for significantly sintered silica aerogel.

In the next step, the film regime of the strain isotherm is considered (Eq.
2.38). Here two strain contributions arise: a positive strain from the Bangham
effect, €pari/roa (Eq. 2.34 and 2.35), and a negative strain due the Laplace stress
arising from the curvature of the adsorbate-adsorptive interface, €papiace (Eq. 2.37).
As was shown by Gommes et al. [131], initially the adsorbate forms a uniform
and convex film on the entities forming the network. In this situation the Laplace
pressure arising from the adsorbate film can be expected to be quantitatively
negligible and thus the adsorption-induced strain of the silica aerogel is exclusively
given by Bangham’s law for spherical or cylindrical particles, respectively, i.e.,
Enet,film = Epart/rod X Avs. Figure 5.7 shows a plot of the silica aerogel’s strain
isotherm £4; as a function of the surface energy change Av, (Eq. 2.23), which
exhibits a significant linear range. The most extreme linear fits possible within
error bars allow for estimating the upper relative pressure limit to 0.1 < p/py <
0.35, where the assumption of a convex adsorbate film on the structural entities
is valid (compare Figure 5.7). For higher relative pressures, the Laplace strain
becomes significant and the silica aerogel contracts. For comparison, the statistical
monolayer formation of the silica aerogel according to BET theory is reached at
p/po ~ 0.1. This allows for the conclusion that the first layer of adsorbed Nj
molecules indeed forms a convex layer on the network forming entities, while the
consecutive layers tend to the formation of concave liquid-vapor interface segments,
which in turn cause negative Laplace stress within the network. From the slopes
of the linear fits in Figure 5.7 again the bulk moduli for spherical particles Ky, =
(14.7 £ 3.0) GPa and cylindrical rods K,,q = (30.5 &+ 8.9) GPa can be evaluated
according to Eq. Eq. 2.34 and 2.35 assuming the same values for v,,q as well as
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Figure 5.7.: Experimental adsorption isotherm of the silica aerogel (Na, 77 K) (left) and
its dilatometric strain for low relative pressures as a function of the change in
surface energy Ay, (Eq. 2.23) (right). The vertical lines in left plot indicate
the relative pressure of the last data points still in line with the linear fits.

the radii Rpq and R,q as given above. The values for K4 and K,,q are slightly
higher than the ones obtained from the filled pore regime but consistent within
accuracy considerations.

To obtain a quantitative estimate of aero-/xerogels’ strain due to Laplace
pressure E€rgpiace; Q. 2.37 was proposed assuming the adsorbate-adsorptive
curvature as given by the DBdB model for adsorption in cylindrical pores (section
2.2.3). A preliminary step to the application of Eq. 2.37 is the modeling of the
experimental adsorption isotherm of the silica aerogel by DBdB theory in analogy
to the hierarchically structured silica. The experimental adsorption isotherm of
the silica aerogel and the respective modeling by DBdB theory are shown in Figure
5.8 (upper panel). The focus of the modeling was to reproduce the slope of the
adsorption isotherm in the film regime and the plateau-like filled pore regime. Since
the shape of the pores within the aerogel network are only remotely cylindrical,
the relative pressure of capillary condensation and evaporation were considered a
less reliable foundation for the modeling. The resulting model parameters are the
average mesopore diameter dpggp = 33.2 nm and the specific mesopore surface
area Sppgp = 390 m?/g, which are both in good agreement with the results for
Ameso = 34.4 nm and Sppr = 380 m?/g (Table 4.3). As can be seen from Figure 5.8
the DBdB model gives an approximate description of the experimental adsorption
isotherm. Quantitative disagreement is found in particular for the hysteresis loop
being predicted at slightly higher relative pressures than seen in the experiment.

To test Eq. 2.37 against the experimental data, the strain

€ Laplace = 3eqi — Epart/rod (58>

is calculated from the dilatometric strain isotherm and the average fit for €,4,¢/r04
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Figure 5.8.: Experimental adsorption isotherm of the silica aerogel (N2, 77 K) and re-
spective modeling by DBdB theory (upper panel). Volumetric strain € rqpiqce
due to curvature of the adsorbate derived from the dilatometric data of the
silica aerogel (Eq. 5.8) and calculated by Eq. 2.37 (lower panel).
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5.2. Silica Aerogel - Disordered Mesoporosity

Table 5.1.: The bulk modulus of the silica aerogel K3 as obtained by sound velocity mea-
surements and analysis of the strain isotherm as well as the bulk modulus
of the nonporous silica phase Kpqr¢/Kyoq derived from the strain isotherm.
Literature values for nonporous amorphous silica K., are given for compar-

ison.
approach K, Kpart/ Krod Ksitica
[MPa] [GPa] [GPa]
sound velocity measurement 324 £ 5.1 - -
strain isotherm (filled pore regime) 39.1 £ 1.6 12+ 1/25+6 -
strain isotherm (Bangham’s law) - 14.7 £ 3.0/30.5 £+ 8.9 -
fused silica (literature) - - 39.9

as shown in Figure 5.7. In analogy to Eq. 2.37, Eq. 5.8 implies that the strain
of the silica aerogel is superposition of the (negative) Laplace strain due to the
curvature of the adsorbate-adsorptive interface and the (positive) strain of the
nonporous network entities, i.e., Bangham’s law. A comparison of €4piqce derived
via Eq. 5.8 and calculated according to Eq. 2.37 (assuming ¢, = 0.87 (Table
4.7), Ky = 39.1 MPa and R = dppgp/2 = 16.6 nm) is shown in Figure 5.8 (lower
panel). Notably, €papiace is very pronounced for the silica aerogel investigated, since
the value of K} is about three orders of magnitude lower than K, or K,.q; in
this regard, the silica aerogel differs significantly from the hierarchical structured
porous silica in the previous section. As can be seen from Figure 5.8 the prediction
of €raplace from the model can only be considered a rough estimate as it only
captures the most general features of the actual process within the silica aerogel.
The model overestimates the experimentally derived Laplace strain for p/py < 0.6
and underestimates it for p/py > 0.6 indicating that the average curvature of the
adsorbate film in the aerogel network is smaller than in the cylindrical pore till
p/po = 0.6 and larger beyond that point.

In summary, the proposed theoretical framework for the adsorption-induced
deformation of mesoporous and disordered aero-/xerogel networks gives reasonable
results in the filled pore state and for low relative pressures, which is dominated
by Bangham’s law. Both regimes allow for the derivation of the bulk modulus
of the nonporous silica phase, while the filled pore regime additionally contains
information on the bulk modulus of the aerogel network. All obtained bulk moduli
and their respective reference values are summarized in Table 5.1. As can be seen
from Table 5.1 the value derived for K, from in-situ dilatometry is in line with the
result from sound velocity measurements. Furthermore, the nonporous silica phase
within the aerogel (described by K4t/ K 0q) is found to be more compliant than
fused silica. Noteworthy, the impact of the Laplace stress on the aerogel network
due to the curvature of the adsorbate film can only be roughly approximated.
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5.3. Carbon Xerogel | - Disordered Microporosity

In this section adsorption and adsorption-induced deformation of the micro-
and macroporous carbon xerogel (C5000/30/800) is discussed. Based on the
aero-/xerogel model presented in section 2.3.3 and evaluated for a mesoporous
silica aerogel in the previous section, it can be shown that adsorption-induced
deformation related to the macroporosity of the sample C5000/30/800 can be
neglected. Therefore the dilatometric strain measured for this sample is entirely
correlated to its microporosity.

To evaluate the experimental strain isotherm of the carbon xerogel, the ad-
sorption stress models for the microporous carbon matrix (section 2.3.4) are
combined with the results of the NLDFT calculations presented in section 4.1, i.e.,
the theoretical adsorption isotherms Nyrprr (p/po, w) (Eq. 2.13), the adsorption
stress normal to the pore walls o, | (p/po, w) (Eq. 2.30a) and the stress parallel
to the pore walls o, (p/po,w) (Eq. 2.30b). Both, the common approach to the
deformation of microporous carbons, i.e., the original adsorption stress model (Eq.
2.41), and the extended adsorption stress model proposed in this work (Eq. 2.46)
were applied. While the original adsorption stress model considers the nonporous
skeleton to be rigid and therefore attributes all deformation to the pore volume, the
extended model explicitly takes into account the nonporous skeleton’s mechanical
response to adsorption. In either case, the model parameters are the micropore
size distribution of the carbon and its mechanical properties, i.e., the moduli of the
microporous phase K, for the original and Kz and K for the extended adsorption
stress model.

As explained in refs [188, 197], the most straight forward way to correlate
the linear dilatometric strain e4; obtained for the sample C5000/30/800 to the
volumetric strains predicted by the adsorption stress models, i.e., &,,, is to assume
em = 3€4i- The implications of this assumption are: (i) the microporous particles
within the xerogel network exhibit isotropic strain due to their inherent disorder,
(ii) the xerogel network deforms in the same way as its constituting particles and
(iii) all strains are significantly smaller than 1.

Since the pore size distribution (PSD) required for the modeling of the strain
isotherm is directly connected to the adsorption isotherm of the carbon by the
integral adsorption equation (IAE) (Eq. 2.14), the inclusion of the experimental
adsorption isotherm into the modeling process is obvious. Two different approaches
for the combined analysis of adsorption and dilatometric strain isotherm of micro-
porous carbons were reported:?

(a) the modeling of adsorption and strain isotherm is performed separately.
This approach is easier and gives better agreement with each set of data, since

3Earlier works applying the adsorption stress model to describe adsorption-induced deformation in mi-
croporous carbons [75, 80] modeled only the strain isotherm.
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available computational procedures can be used for each fitting process. However,
this strategy typically results in two different PSDs. This approach was applied
in a reference related to this work [197] and justified there by the fact that the
obtained PSDs were very similar.

(b) the modeling of adsorption and strain isotherm is performed simultaneously
with one PSD. This approach cannot be performed by common computational
fitting procedures and the agreement for both data sets is naturally worse than
for separate fitting. However, it is a better check on the consistency of the applied
theoretical framework and the "hand-made" modeling is often more instructional
than the results from computational algorithms. The strategy for this case
is to create a PSD from Gaussian profiles using the PSD obtained from the
computational fitting of adsorption isotherm as a guideline and approximately
maintain its cumulative specific micropore volume. This approach was used in an-
other reference related to this work [188] and is the method applied in the following.

Given above considerations, the adsorption and dilatometric data of the sample
C5000/30/800 for C'O5 at 273 K were modeled for both versions of the adsorption
stress model according to approach (b). The experimental data for COs adsorption
is considered advantageous for the modeling process, because unlike Ny or Ar
adsorption at 77 K, C'O, adsorption at 273 K allows resolving micropore filling
for pore widths below 0.5 nm (compare section 4.2). The resulting theoretical ad-
sorption and strain isotherms are shown in Figure 5.9 along with the experimental
data. The respective PSDs are given in Figure 5.10. The bulk moduli for the
microporous matrix are K,, = (6.1 + 0.3) GPa for the original adsorption stress
model (Eq. 2.41) as well as Kg = (3.7 £ 0.4) GPa and K, = (12.4 = 1.1) GPa for
the extended adsorption stress model (Eq. 2.46). The accuracy of the moduli is
dominated by the accuracy of the porosity of the microporous carbon matrix ¢,,;.,
which is taken from the sample characterization results (Table 4.6).

In the following, both adsorption stress models are evaluated by comparing
the applied PSDs. Furthermore, the modeling results shown in Figure 5.9 and
5.10 for C'Oy adsorption at 273 K are used to predict the sample’s adsorption and
strain isotherms for C'O, adsorption at 243 and 303 K as well as for N, adsorption
at 77 K. Afterwards all predictions are compared to respective experimental data.
The derived mechanical properties of all carbon xerogels investigated in this work
are discussed in section 5.5.3.

The comparison of theoretical modeling and experimental data (Figure 5.9)
shows that both versions of the adsorption stress model are capable of describing
the characteristic nonmonotonic deformation of the carbon sample, while the re-
lated PSDs simultaneously give a reasonable prediction of the adsorption isotherm.
Systematic deviations between experiment and both theoretical approaches occur
in the relative pressure region of 5-10% to 5-10%: here the predicted amount
adsorbed and the sample contraction are smaller than the respective experimental
values. However, overall the quantitative agreement is rated as acceptable. From

79



5. Discussion

5 T R | L] R |
1 C5000/30/800
o 41 CO,(273K) 7
6 4
E 3 _ 1
£, e experimental data
o 1 adsorption stress model
§ 24 original T
Em extended
Z  1-
0
084 0.08+
1 0.041
0.6 1 .
P 0.001
4 o0s ]
“ 02  10° 10" 10° |
0.0 —o—o-vosmmm—ygou® .
10° 10° 10* 10° 10* 10"
p/p,

Figure 5.9.: Experimental adsorption and
strain isotherms of the micro-macroporous
carbon xerogel C5000/30/800 for COq
(273 K) and the respective modeling by the
adsorption stress model in original and ex-
tended form.
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the applied PSDs (Figure 5.10) numerical values for specific micropore volume
Vimie (DFT) (Eq. 3.10), specific surface area S,,;c (DFT) (Eq. 3.11) and resulting
average pore width w (Eq. 3.12) are derived and given in Table 5.2 along with
the respective results obtained from common sample characterization via inversion
of the IAE (Table 4.5). As can be seen from Table 5.2 the parameters of the
differently obtained PSDs are rather close to one another. The key difference
between original and extended adsorption stress model is found within the shapes
of the applied PSDs (Figure 5.10): the PSD resulting from the application of
the original adsorption stress model exhibits a sharp spike at a pore width of
approximately 0.3 nm. This spike is essential for the original adsorption stress
model in order to match the sample’s expansion for increasing relative pressure,
since only pores smaller than the molecular diameter of the adsorbate result in
significant positive adsorption stress normal to the pore walls (compare Figures
4.1d and 4.2d). However, given the disordered micropore structure of carbon
xerogels (Figure 3.2) this spike within the PSD seems unreasonable. Contrary
to the original adsorption stress model, the extended adsorption stress model
describes the sample’s expansion by an expansion of the nonporous solid skeleton
due to the adsorption stress parallel to the pore walls, which is found for pores of
all widths (Figure 4.1f). This is illustrated in Figure 5.11, where the contributions
of adsorption stress normal and parallel to the pore walls to the overall strain
predicted are shown. As a consequence, the extended adsorption stress model
does not require for large amounts of pores smaller than the molecular diameter
of the adsorbate and the correlated PSD is very smooth.* Following this line
of thought, the extended adsorption stress model can explain the nonmonotonic
adsorption-induced deformation of microporous materials even for a monomodal
PSD of slit-shaped pores. This directly challenges the conclusion of Kowalczyk
and co-workers, who applied the original adsorption stress model to describe strain
isotherms of carbons and attributed the characteristic nonmonotonic shape to the
carbon’s broad PSD [75].

Notably, the spike in the PSD of the original adsorption stress model at 0.3 nm
is not limited to NLDF'T calculations but also found for modeling based on GCMC
simulations. This can be seen in Figure 5.10, which includes the sample’s PSD
determined by application of the original adsorption stress model on C'O, strain
data obtained at 293 K and evaluated by the combination of GCMC simulationss
and an automated fitting algorithm [197]. The fact that the cumulative specific
pore volume of the PSD from ref [197] is lower than the PSDs in this work
results from the limitations of pore size analysis from CO, data at 293 K. Due
to the elevated temperature, pores of width larger than 0.9 nm fill beyond the
experimental pressure limit of 1 bar and thus cannot be resolved by theoretical
analysis. Since the cumulative specific pore volume at 0.9 nm is approximately the
same for all PSDs, the theoretical data evaluation can be considered consistent.

40n a side note, both PSDs obtained from simultaneous analysis of adsorption and strain isotherms are
generally smoother than the PSD derived from the common adsorption analysis via inversion of the
IAE (compare ref [197]).
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Table 5.2.: Characteristics of the PSDs obtained for the micro-macroprous carbon xerogel
C5000/30/800 from the common adsorption analysis via inversion of the IAE
(data from Table 4.5) as well as the simultaneous analysis of adsorption and
strain isotherms via original and extended adsorptions stress model, i.e., the
specific micropore volume V,,;. (DFT), the specific micropore area Sy,;. (DFT)
and the average pore width w.

approach Vinic (DET) Smic (DFT) w
Ny/COs [em3/g]  Ny/COs [m?/g]  N3/COs [nm]
adsorption analysis (IAE) 0.252 973 0.52
original model 0.247 968 0.51
extended model 0.245 864 0.57

Further discussion on this effect is given in ref [197].

For further validation of both adsorption stress models, the PSDs and mechanical
parameters obtained from the modeling of C'Oy adsorption and strain isotherms
at 273 K are used to predict the same data sets at other temperatures. For this,
experimental adsorption and strain isotherms of the sample C5000/30/800 are
taken from ref [194], where C'O, measurements on the very same sample were
performed at 243 and 303 K. The respective experimental data sets and the
corresponding theoretical predictions are shown in Figures 5.12.

As can be seen from Figure 5.12 both adsorption stress models predict the
general trends correctly, i.e., for decreasing temperature the initial contraction
increases and the expansion of the sample is shifted to higher relative pressures.
However, as before quantitative deviations between experiment and theory occur
in particular in the relative pressure region of the initial contraction and the
correlated minimum. The extended adsorption stress model results in an overall
better description of the minimum for C'O, adsorption at 243 K in particular
regarding its depth, while it significantly underestimates the initial contraction
at 303 K. For the original adsorption stress model the situation is reversed:
the contraction at 303 K is well described, while the contraction at 243 K is
underestimated. Though no exhaustive explanation for these systematic shifts
was found within this work, two issues of the modeling process should be kept
in mind. For one, the temperature of 303 K is very close to critical temperature
of COy (304 K [200]) and therefore systematic deviations between real C'O, and
its Van der Waals model used in NLDFT calculations may occur (compare ref
[216]). Second, the oscillating behavior of the original adsorption stress model
for C Oy adsorption at 243 K is a computational artifact resulting from the small
number of theoretical adsorption isotherms contributing to positive adsorption
stress (compare ref [188]).

In a last step, both adsorption stress models are applied to predict Ny ad-
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Figure 5.11.: Experimental strain isotherm of the micro-macroprous carbon xerogel
C5000/30/800 for COy (273 K) and the respective modeling by the ex-
tended adsorption stress model. In addition to the modeled overall strain
of the sample also the contributions to the strain resulting from adsorption
stress normal and tangential to the micropore walls are shown.

sorption and strain isotherms at 77 K for the sample C5000/30/800 again using
the PSDs and mechanical parameters obtained from the modeling of C'O, data at
273 K. Experimental data for Ny at 77 K and respective predictions by the models
are shown in Figure 5.13 on both, linear and logarithmic, pressure scales.> As can
be seen from Figure 5.13, the qualitative features of adsorption and accompanying
deformation are well captured by both models, however, quantitatively there are
several deviations. The most obvious discrepancy between experiment and both
models is that the predicted micropore filling begins at significantly lower relative
pressures (see Figure 5.13(left)); only at relative pressures above approximately
107 theoretical and experimental adsorption isotherms agree quantitatively. This
effect was already discussed in ref [188], where two major issues for Ny adsorption
in micropores at 77 K were identified: (i) the transport kinetics of Ny molecules
within carbon micropore at 77 K are potentially too slow to obtain reliable equilib-
rium pressures in the adsorption measurements. (ii) even small amounts of gases,
which contaminate the sample, the sorption instrument or the adsorptive and are
not adsorbed by the carbon at 77 K, such as H, or He, can lead to significantly
higher apparent equilibrium pressures in the experiment. As a consequence, the
relative pressure range below 107 is generally to be considered with great care
when it comes to micropore adsorption of Ny at 77 K [180].

With respect to the strain isotherms, the same shift as for the adsorption
isotherms is found, i.e., the initial contraction of the sample is qualitatively

5The strain data obtained for the original adsorption stress was subjected to smoothing due to the finite
number of theoretical isotherms within the applied kernel. This issue was already discussed in ref
[188].
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Figure 5.12.: Adsorption and strain isotherms of the micro-macroprous carbon xerogel
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C5000/30/800 for COy at 243 K (left) and 303 K (right). Symbols repre-
sent the experimental data, while lines mark the predictions of the original
and the extended adsorption stress model for adsorption-induced strain of
the microporous carbon. For the modeling the same PSD and mechanical
parameters are applied as in Figure 5.9.
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Figure 5.13.: Adsorption and strain isotherms of the micro-macroporous carbon xerogel

C5000/30/800 for No at 77 K on logarithmic (left) and linear scale pressure
scale (right). Symbols represent the experimental data, while lines mark
the predictions of the original and the extended adsorption stress model for
adsorption-induced deformation of microporous carbon. For the modeling
the same PSD and mechanical parameters are applied as in Figure 5.9.
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correctly predicted by both theoretical models but it appears at significantly lower
relative pressure than in the experiment. Regarding the quantitative extent of
the initial sample contraction, the original adsorption stress model is in slightly
better agreement with the experimental data than the extended model, however,
for relative pressures beyond the critical range of p/py > 107 the extended adsorp-
tion stress model provides a significantly better description of the experimental
data, since the original adsorption stress model considerably overestimates the
samples expansion; this effect increases with relative pressure and becomes most
pronounced at saturation pressure, where the relative deviation between original
adsorption stress model and experiment reaches nearly 20 %. The major problem
of the original adsorption stress model is its extreme sensitivity to the Van der
Waals diameter of the adsorbate resulting from stress contributions of pores
smaller than the nominal size of the adsorbate (compare Figures 4.2¢ and d and
discussion in ref [188]). As such, switching from one adsorbate to another may
have tremendous effects on the results of the original adsorption stress model, if
the PSD is kept constant. To put this effect in perspective: the deviations seen
in Figure 5.13 result from the difference of Van der Waals diameter between N,
and COs, which is about 0.01 nm. When switching from C'Oy to Ar as done in
ref [188] the difference of Van der Waals diameter is 0.02 nm and quantitative
deviations between original adsorption stress model and experiment become even
more pronounced. This rather fundamental issue of the original adsorption stress
model is not limited to the slit-shaped micropore but is relevant to all anisotropic
pore geometries, where the original adsorption stress neglects strain components.
Contrary, the extended adsorption stress model suffers significantly less from
pore width dependency of the normal component of the adsorption stress, since
it requires no pores smaller than the nominal size of the adsorbate to model
the sample’s adsorption-induced deformation. As a consequence, the extended
adsorption stress model is rated superior to the original one and is exclusively used
for all further data evaluation in this work.

On a final note, another quite noteworthy result of the N, adsorption and
strain data evaluation is that the strain of the microporous carbon continues
in the relative pressure range p/py > 0.1, where the corresponding adsorption
isotherm exhibits essentially a plateau (Figure 5.13(right)). This effect is seen
experimentally and also matches theoretical predictions. A descriptive explanation
is the picture of an already filled micropore: adding only a few molecules into the
pore is barely perceptible in terms of amount adsorbed, but with respect to the
short-ranged repulsion of the fluid-fluid or solid-fluid potentials the energy change
resulting from a slight decrease of the average intermolecular distance can be quite
significant.
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5.4. Carbon Xerogel Il - Disordered Micro- and Mesoporosity

In this section the adsorption-induced deformation of the micro- and mesoporous
carbon xerogel C5000/50/800 is investigated. As will be shown in detail below,
for this sample the strain due to adsorption in the mesoporous network is small
but not negligible compared to the strain of the microporous particles forming the
network.

The strategy for the analysis of this data set is to start from the experi-
mental Ny adsorption isotherm and model it by DBdB theory for a cylindrical
mesopore. From the DBdB isotherm the parameters are determined, which are
required for the modeling of the network’s adsorption-induced strain, i.e., strain
related to Bangham’s Law and Laplace stress. Then the experimental C'O,
(273 K) adsorption and strain isotherms are modeled by the extended adsorption
stress model (compare section 5.3) complemented by the adsorption and strain
effects related to the xerogel network (compare section 5.2). Based on the
modeling of C'O, data, predictions are made for the Ny and Ar (77 K) strain and
adsorption isotherms, which are compared to their experimental counterparts. In
a last step, the implications of the obtained results for H,O adsorption on the
carbon xerogel are discussed. The mechanical parameters of the carbon xero-
gel C5000/50/800 derived from the modeling process are considered in section 5.5.3.

For the modeling of the experimental Ny adsorption isotherm of the carbon
xerogel C5000/50/800 via DBAB theory (Eq. 2.18 to 2.22) a suitable disjoining
pressure isotherm II (h) for the adsorption of Ny on carbon is required. In order
to be consistent with the adsorption stress model applied in the subsequent steps,
IT (h) was derived from NLDFT calculations on a flat nonporous carbon surface; the
respective adsorption and disjoining pressure isotherms are shown in the Appendix
B. In analogy to the silica aerogel (section 5.2), the modeling of the experimental
adsorption isotherm by DBdB theory focused on the reproduction of the slope in
the film regime and the plateau in the filled pore regime. To take the microporosity
of the carbon xerogel into account the total specific micropore volume V,,,;. (DBdB)
of the sample was introduced as an additional model parameter into Eq. 2.19 and
2.20 leading to

2

5.9
Msample 2‘/L R ’ ( )

Na ille S
filled _ Vmic (DBdB) + DBdB

-R = t. 5.10
Msample 2‘/L cons ( )

Here Nu/msampie (/Do) is the adsorption isotherm, Sppap is the specific surface
area of the sample, V} is molar volume of the adsorbate in liquid form, & (p/po)
is the thickness of adsorbate film given by Eq. 2.18 and R is the radius of the
mesopores within the sample. As can be seen from Eq. 5.9 and 5.10, the impact
of parameter V,,;. (DBdB) on the predicted adsorption isotherms is rather simple:
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Figure 5.14.: Experimental adsorption isotherm of the micro- and mesoporous carbon
xerogel C5000/50/800 for Ny at 77 K and respective modeling by DBdB
theory.

it just shifts the whole adsorption isotherm upwards by a constant value, i.e.,
micropore filling is not resolved in terms of relative pressure or pore size as e.g.
done by the integral adsorption equation (IAE, Eq. 2.14).

The result of the DBdB modeling process including Eq. 5.9/5.10 is shown
in Figure 5.14 giving an approximate description of the experimental data. As for
the silica aerogel, the relative pressure of capillary condensation and evaporation
are only approximately correct, since the xerogel network does not actually exhibit
cylindrical pores as assumed in the DBdB model. The adjusted parameters are the
specific surface area Spgqp = 190 m?/g, the pore diameter dppgp = 2R = 14 nm
and the specific micropore volume V,,;. (DBdB) = 0.20 cm?®/g. All parameters
applied are in good agreement with previous results from standard characterization
(Table 4.4).

In the next step, the experimental C'O, adsorption and strain isotherm of the car-
bon xerogel C5000/50/800 were modeled by the extended adsorption stress model
complemented by the adsorption on the specific surface area Sppgp and the related
strain of the network particles due to Bangham’s law. This approach is equivalent
to the TAE (Eq. 2.14) complemented by the adsorption on the (external) particle
surface for adsorption and a combination of the extended adsorption stress model
(2.42 to 2.49) and Bangham’s law (Eq. 2.23 and 2.34) for strain:

Na 2 nm
(p/p()) :/ Nnrprr (p/po, w) . Sdiff (w) dw
Msample 0
N, B (5.11)
a,flat
+ A (p/po) - Sppas,

external surface area
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Here Nyrprr (p/po,w) are the results of NLDFT calculations (Eq. 2.13) and
Saifs is the differential surface area of pores of width w (Eq. 2.14). €44 is the
dilatometric strain (Eq. 3.17), while €,,, and €,4,+ are the strains of the microporous
matrix (Eq. 2.46) and the xerogel’s network particles (Eq. 2.34), respectively. ¢
is the porosity of the microporous carbon matrix (Table 4.6) and K, and Kz are its
mechanical moduli within the extended adsorption stress model (Eq. 2.46). 7,1
and 0, are the volumetrically averaged stresses within the microporous carbon
matrix according to Eq. 2.47 and 2.48, respectively. A<, is the change of the
network particles’ surface energy (Eq. 2.23), R, is their average radius (Table
4.6) and K, is their effective mechanical bulk modulus (Eq. 2.49). Furthermore,
Eq. 5.11 and 5.12 utilize the surface specific adsorption N, fia1/As on a flat
nonporous carbon surface, which was derived by NLDFT calculations (Appendix
B). Notably, Eq. 5.11 and 5.12 neglect all effects related to the curvature of
the adsorbate-adsorptive interface, i.e., capillary condensation/evaporation and
Laplace strain, because the upper limit of relative pressure covered by the C'O,
experiment is below the relative pressure of C'O; monolayer completion on the
particles. Thus, no coherent adsorbate film is formed on the external surface
of the particles and consequently no related adsorption or strain effects should
arise (compare Figures 5.7 and 5.8 and respective discussion). On a side note,
the difference between the description of adsorption by Eq. 5.9/5.10 and 5.11
is the focus of the investigated pressure regime: while Eq. 5.9/5.10 is aimed at
the relative pressure regime of mesopore filling (p/py > 0.1), where micropore
filling is already completed, Eq. 5.11 focuses on the relative pressure regime of
micropore filling and monolayer formation (p/py < 0.1), where mesopore filling is
of no significance.

The result of the simultaneous modeling of C'O, adsorption and strain data
according to Eq. 5.11 and 5.12, respectively, is shown in Figure 5.15 including
an explicit separation of effects related to micropores and the xerogel’s network
particles, respectively. As can be seen from Figure 5.15 the contribution of the
network particles to overall adsorption and strain is small. Furthermore, the
agreement between model and experimental data is worse than for the sample
micro-macroporous carbon xerogel investigated in the previous section but overall
still acceptable. A major issue of the model was the reproduction of the initial
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contraction minimum as seen in the experiment. All modeling attempts leading to
an initial contraction minimum at the correct relative pressure failed to reproduce
its depth and were typically not capable of describing the subsequent expansion.
Thus, a modeling scenario with correct depth but wrong position of the initial
contraction was favored.® The parameters adjusted for the modeling shown in
Figure 5.15 are the mechanical moduli Ky = (13.1 + 1.3) GPa and K3 = (3.3 +
0.5) GPa and the PSD shown in Figure 5.16. The characteristics of the adjusted
PSD are the specific micropore volume V. (DFT) = 0.197 cm?®/g (Eq. 3.10),
the specific micropore area S,;. (DFT) = 686 m?/g (Eq. 3.11) and the average
micropore width w = 0.57 nm (Eq. 3.12). The results for V,,;;. (DFT), Sy (DFT)
and w obtained for all carbon xerogels investigated in this work via the application
of the extended adsorption stress model are summarized in Table 5.3. As for the
micro-macroporous carbon xerogel, the PSD derived from the combined analysis
of adsorption and strain isotherms is smoother than its counterpart obtained from
the inversion of the IAE (compare Figures 4.10, 5.10 and E.1), though the above
given characteristics are nearly identical.

Based on the modeling result for CO, data, predictions for adsorption and strain
of the carbon xerogel C5000/50/800 are calculated for Ny and Ar at 77 K. As for
the modeling of C'O, data, adsorption and strain are calculated as superpositions of
micropore and xerogel network effects (Eq. 2.46 and Eq. 2.38/2.39, respectively),
however, for Ny adsorption now also the filled pore state is included, since capillary
condensation occurs in the respective experiment:

35dil =E€m + Enet,film = Em + Epart + € Laplace

'mic _a 'mic 1 —
¢ .U,||+<¢ _)Ua’l

B 1- ¢mic Ks KB Ks
Em (513&)
2A73 ¢net 1 1
— Y — —|  (film state),
* Rparthart n Kb {R —h R] ( e e)
—_——

Epart €Laplace

5 A hypothetical origin for the modeling issues could be that the solid-fluid interaction parameters used for
NLDEFT calculations were derived from adsorption measurements on graphite. However, the structure
of the microcrystallites within the carbon xerogel (Figure 3.2 and respective description) differs to some
extent from bulk graphite. In particular, CO2 molecules may adsorb on functional groups and/or
perpendicular to the orientation of the graphene layers leading to somewhat different interaction
parameters than expected for bulk graphite.
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Figure 5.15.: Experimental adsorption and Figure 5.16.: Cumulative and differential
strain isotherms of the micro- and meso- pore volume distributions of the micro- and
porous carbon xerogel C5000/50/800 for mesoporous carbon xerogel C5000/50/800

COy at 273 K and respective modeling by corresponding to modeling shown in Figure
Eq. 5.11 and 5.12. 5.15.
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In addition to the variables in Eq. 5.12, v, is the liquid-vapor surface tension
of the adsorbate, while ¢, is the porosity (Table 4.6) and Kj the bulk modulus
(Table 4.2) of the xerogel’s particle network. In contrast to the modeling of
CO; or Ar strain (Eq. 5.12), the modeling of N, data (Eq. 5.13) includes the
Laplace strain ergpiace (Eq. 2.37) due to the curved adsorbate-vapor interface in
the film regime (Eq. 5.13a). In the filled pore state (Eq. 5.13b), the strain of the
microporous carbon matrix is furthermore complemented by strain related to the
surface energy change between dry and wet carbon surface, v, — 74, as well as to
the capillary pressure € (peop) (Eq. 2.37). Here it is important to note that the
Laplace strain € rqpiqace, as proposed by Eq. 2.37, does not give a good quantitative
description of the xerogel network’s respective strain, since the xerogel structure
differs significantly from the cylindrical pore geometry assumed for Eq. 2.37
(compare Figure 5.8 and respective discussion). Fortunately, the bulk modulus K,
of the carbon xerogel C5000/50/800 considered in this section is so high (Table
4.2) that the Laplace strain €p,pce has barely any impact on the overall strain.
As such, the quantitative error resulting from the vague description of the Laplace
strain by Eq. 2.37 is considered acceptable. Notably, the bulk modulus K of the
carbon xerogel cannot be derived from the strain isotherm as was shown for the
silica aerogel (Figure 5.6) due to the high contribution of micropore deformation
in the filled pore regime; thus for the application of Eq. 5.13, K, was taken from
sound velocity measurements (Table 4.2).

The comparison of the experimental strain data and the respective predic-
tions by Eq. 5.12/5.13 are shown for Ny adsorption in Figures 5.17 to 5.19 and
for Ar adsorption in Figures 5.20. The adsorption process in Figures 5.17 and
5.20 was predicted by 5.11; notably, the step-like adsorption seen in Figures 5.17
and 5.20 is a result of the smooth wall approximation of NLDFT calculations
used to derive N, fiq¢/As (compare section 4.1). All Figures except Figure 5.19
include an explicit separation into micropore and network effects, i.e., adsorption
on particles and in case of Nj also mesopore filling. The Figures 5.17 and 5.20(left)
focus on adsorption and strain in the low relative pressure regime of Ny and Ar
experiments; here the same general discrepancy between model and experiment
already discussed in section 5.3 is observed, i.e., for relative pressure below 10
theoretical adsorption and strain are systematically shifted to lower relative
pressure. Apart from this obvious issue, the initial contraction and subsequent
expansion of the carbon xerogel are correctly described on a qualitative and for
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Figure 5.17.: Experimental adsorption and strain isotherms of the micro- and mesoporous
carbon xerogel C5000/50/800 for Ny at 77 K and respective modeling by
respective modeling by Eq. 5.11 and 5.12.

relative pressures above 10 mostly also on a quantitative level. The contribution
of particle related strain to the overall strain is clearly evident but significantly
smaller than the strain of the microporous matrix within the particles. The same
trend is found in Figures 5.18 and 5.20(right), where experimental data and model
are shown on linear pressure scale emphasizing the adsorption process within the
xerogel particle network.

Due to the dominance of micropore deformation and the high bulk modulus
of the carbon xerogel the strain hysteresis typically associated with mesoporous
materials is quite small; a zoom on the hysteresis of the Ny strain isotherm
is shown in Figure 5.19. Here the model correctly predicts the quality of the
hysteresis slope, i.e., the strain in the filled pore state is lower than in the film
state. However, quantitatively the theoretical hysteresis extends over a larger
relative pressure range, which is a result of the DBdB modeling shown in Figure
5.14, and the predicted strain at saturation is slightly lower than in the experiment.
Regarding the origin of the quantitative discrepancies at saturation pressure two
major shortcomings of model have to be considered: (i) in the regime of the

93



5. Discussion

i T i T T T T T T T
] ’C\IZSC;C;(ZSO/SOO © O e experimental data *
3 A7 > s ® ¢ 3.4 model total ©° 1
0 ° o
____________ ] 1 «®
Lt . o ® 0go,® ¢
S 27 e experimentaldata 1 g 334 e® D6
> model =
w? total 3
13 - - - - micropores § 3.2 ]
? C5000/50/800
0 xerogel network N, (77K)
T T T T T T T T T 3.1 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.80 0.85 0.90 0.95 1.00
p/p, p/p,

Figure 5.18.: Experimental strain isotherm Figure 5.19.: Zoom of Figure 5.18 into the
of the micro- and mesoporous carbon xero- filled pore regime.

gel C5000/50/800 for N at 77 K and re-

spective modeling by Eq. 5.12 shown on

linear scale.

filled pore state, the quantitatively dominant micropore deformation is only an
extrapolation based on the experimental C'O, data at low relative pressure. Thus,
minor changes of the model parameters obtained at low relative pressure will result
in measurable changes for the sample strain close to saturation. (ii) the strain
difference between film and filled pore state of the xerogel network is calculated
based on the Frumkin-Derjaguin equation (Eq. 2.32), which here is given for
the particular case of a cylindrical pore. As already emphasized earlier, the
cylindrical pore model is only a coarse approximation for the actual pore structure
of aero-/xerogel networks. Consequently, a quantitative exact prediction of the
surface energy change from evacuated to N, covered carbon cannot be expected
by the Frumkin-Derjaguin equation.

In contrast to N,, neither the Ar adsorption nor the Ar strain isotherm ex-
hibit capillary condensation and accompanying hysteresis (Figure 5.20), since at
77 K Ar generally cannot condense in pores larger than approximately 10 nm
[205]. Thus adsorption and strain of the xerogel network are limited to the film
state, where the strain isotherm follows from the strain of the microporous matrix
within the particles and the strain of network particles due to Bangham’s law. Due
to the lack of capillary condensation the same modeling approach as for CO, (Eq.
5.11 and 5.12) is sufficient. Regarding the applied model, Figure 5.20 reveals that
Eq. 5.11 overestimates the Ar adsorption within the xerogel network by roughly
10 %. Contrary, the overall strain of the sample is quite well described by Eq. 5.12.

In the last part of this section H,O adsorption (298 K) of the micro- and

mesoporous carbon xerogel C5000/50/800 and the respective strain are consid-
ered (Figure 4.14). H,O adsorption in carbons occurs via cluster formation at
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Figure 5.20.: Experimental adsorption and strain isotherms of the micro- and mesoporous
carbon xerogel C5000/50/800 for Ar at 77 K and respective modeling by
5.11 and 5.12, shown on logarithmic (left) and linear pressure scale (right).
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hydrophilic functional groups located within micropores and on the surface of
the network particles [209, 210]. As a result the adsorption process is shifted to
elevated relative pressures compared to the other adsorbates applied. The complex
adsorption process of HoO molecules on carbon cannot be described by the Van der
Waals model of NLDFT preventing a quantitative analysis within the framework
of this thesis. Nevertheless, some qualitative conclusions can be drawn from the
available experimental data. As described in detail in ref [201], the mesopores
of the carbon xerogel C5000/50/800 are too large to allow for a cluster induced
capillary condensation prior to saturation pressure. Therefore, the adsorption of
the sample is limited to micropore filling and potentially some cluster formation
on the surface of the particles of the xerogel network; this situation bears some
resemblance to the Ar experiment (Figure 5.20), where mesopore related effects
are also only of minor importance.

When comparing the H,O strain isotherm of the carbon xerogel 5000/50/800
(Figure 4.14) to the strain isotherms obtained for the adsorption of the other
analysis gases (Ny, Ar, CO,) (Figures 4.13 and 4.14) it can be seen that the
shape of the strain isotherms in the regime of micropore filling is qualitatively
identical for all adsorbates. This is also illustrated in Figure 5.21, which shows
the dilatometric strain of the sample for all adsorbates as a function of the specific
amount adsorbed. As a consequence, it can be assumed that cluster formation of
H>0 causes the same stress mechanisms in the carbon as the other adsorbates,
i.e., normal and tangential adsorption stress inside the slit-shaped micropores and
potentially also stress on the xerogel’s particles related to Bangham’s law.” Quan-
titatively, the comparison of the different strain isotherms reveals that the initial
contraction of the carbon xerogel during H,O adsorption is about 2 to 6 times
more pronounced than for the other adsorbates (Figure 5.21). Simultaneously,
the expansion for increasing relative pressure is significantly less pronounced; for
H>0, the net strain of the carbon xerogel at saturation is nearly 4 times smaller
than for Ny or Ar. This leads to the conclusion that the expansive stresses, (i)
adsorption stress tangential to micropore walls and (ii) stress on the particles due
to Bangham’s law, are weaker for H,O adsorption than for the other adsorbates
investigated. A potential explanation for this behavior is found in the density
of the adsorbed H,O phase, which is only about 0.8 g/cm?® [201, 211, 212] and
therefore significantly lower than the unconfined liquid state of H,O (1.0 g/cm?).
With respect to adsorption-induced stresses, both expansive mechanisms (i) and
(ii) are related to the adsorbate density as their magnitude depends on the energy
density of the adsorbed phase: the adsorption stress parallel to the micropore
walls (i) is related to the adsorbate density by Eq. 2.27 and 2.30b and the stress
on the particles due to Bangham’s law (ii) by Eq. 2.23. Contrary to the expansive
stresses, the mostly contractive normal adsorption stress within the micropore

"It is still a matter of scientific debate, to which extent H,O molecules adsorb in meso- and macropores
[212, 217, 218]. Thus, it is currently not known, whether H>O molecules adsorb to any significant
amount on network particles within the investigated carbon xerogel. If significant H2O adsorption
occurs on the outside of the particles, a strain contribution from Bangham’s law is expected, otherwise
all strain results from micropore filling within the particles.
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Figure 5.21.: Comparison of strain data obtained for the micro- and mesoporous carbon
xerogel C5000/50/800 for different adsorbates as a function of the specific
amount adsorbed.

(Eq. 2.30a) follows from the mediation of the attractive solid-fluid potentials of
the opposing pore walls and is not hampered by a lower density of adsorbate
molecules within the pore.

5.5. Carbon Xerogel Ill - Activation, Thermal Annealing and
Mechanical Properties

In this section, the structural changes of carbon xerogels resulting from activa-
tion and thermal annealing are investigated by the combined analysis of adsorption
and strain isotherms. The carbon xerogels used for this study are the micro- and
mesoporous samples derived from the reference C5000/50/900 (activated sample
C5000/50/900A, samples C5000/50/1200 to C5000/50/1800 annealed at the tem-
peratures of 1200, 1400, 1600 and 1800 °C). The analysis gases applied were Ny
at 77 K and CO, at 273 K. For quantitative data analysis the same strategy as
proposed in section 5.4 is applied, i.e., adsorption and strain effects resulting from
micropores and the mesoporous xerogel network are superimposed (Eq. 5.9 to
5.13). In the last part of this section, the mechanical parameters derived from the
modeling process are discussed for all carbon xerogels investigated.

5.5.1. Activation

The adsorption and strain isotherms of the micro- and mesoporous reference
carbon xerogel C5000/50/900 and the respective activated sample C5000/50/900A
(burn-off ¢y, = 4.0 wt%) are shown in Figure 5.22 for Ny (77 K) and in Figure
5.23 for COy (273 K). As can be seen from the N, adsorption isotherms of the
samples (Figure 5.22) and the respective characterization (Tables 4.4 and 4.6),
the applied activation affected only the micropore structure of the carbon xerogel,
i.e., the properties of the mesoporous particle network (Se.t, Vineso, @meso and ¢per)
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remained essentially constant. Notably, for increasing degrees of burn-off also
changes to the mesopore structure are to be expected (see e.g. ref [147]). The
comparison of the strain isotherms (lower panels in Figures 5.22 and 5.23) shows
that the qualitative shape of strain isotherms is not affected by the activation.
However, quantitatively the contraction of the activated sample at low relative
pressures is significantly more pronounced and shifted to higher relative pressure
when compared to the reference. Contrary, the maximum strain at Ny saturation
pressure and the strain hysteresis associated with mesopore filling remain nearly
unchanged.®

To evaluate the changes induced by the activation process to the carbon xerogel’s
micropore structure, the experimental C' Oy adsorption and strain isotherms of
activated and reference sample (Figure 5.23) were modeled in the direct analogy
to the previous section 5.4. Eventually, also theoretical adsorption and strain
isotherms were predicted for Ny adsorption at 77 K and checked for consistency
with respective experimental data. As for the micro- and mesoporous carbon
xerogel considered in the previous section, the predictions for N, adsorption at
77 K were in reasonable agreement with the experimental data. The parameters
derived from the modeling were again the bulk moduli of the microporous carbon
matrix, Ky and Kp, (Eq. 2.46) as well as the PSD of the microporous phase.
The PSDs of reference and activated sample are shown in Figure 5.24 and their
numerical characteristics, V. (DFT) (Eq. 3.10), the specific micropore area
Smic (DFT) (Eq. 3.11) and the average micropore width w (Eq. 3.12) are given
in Table 5.3. The values for the mechanical moduli of the carbon xerogels are
summarized in Table 5.4 and discussed in section 5.5.3.

As can be seen from N, and CO, adsorption isotherms (upper panels of
Figures 5.22 and 5.23) and the evaluated PSDs (Figure 5.24 and Table 5.3) of
reference and activated carbon xerogel, the changes of the activation process
to sample’s micropore structure are twofold: (i) the overall specific micropore
volume increases, (ii) the average micropore width increases. Effect (i) is a direct
consequence of the burn-off ¢, = 4.0 wt% leading to a theoretically expected
increase of specific micropore volume of 0.028 cm®/g (see Attachment F). This
value is well in line with the change of specific micropore volume between the
reference and the activated sample as seen by sample characterization (compare
Table 4.4), i.e., the increase of the micropore volume by the activation process is
well correlated to the removal of nonporous carbon within the sample’s particles.
For a more detailed understanding of effect (ii) the PSD in Figure 5.24 has to be
considered.? Here it can be seen that the PSDs of activated and reference sample

80n a side note, activation of carbons is also considered a way to improve the access of gas molecules
to microporosity. For the carbon xerogels considered, this effect was only found with respect to
the equilibration time of the N2 (77 K) adsorption measurement at low relative pressures, which
became significantly shorter after the activation process. Furthermore, no evidence for inaccessible
microporosity in the untreated carbon xerogel was found within error considerations.

90n a side note, the activation of a carbon reduces its overall mass and thus increases all its specific
quantities such as specific surface area and specific pore volume regardless whether absolute changes
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Figure 5.22.: Experimental adsorption and strain isotherms of the micro- and mesoporous
activated carbon xerogel C5000/50/900A and its reference C5000/50/900
for Ny at 77 K on linear (left) and logarithmic pressure scale (right). Full
symbols denote adsorption, open symbols denote desorption. The inset
(left) shows a magnification of the strain hysteresis associated with mesopore
filling; the inset (right) shows a magnification of the samples’ contraction
at low relative pressure.
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deviate essentially only the range of pore widths > 0.7 nm, where the activation
process increases the pore volume. Surprisingly, the pore volume of smaller pores
is only remotely affected and thus the pore volume increase by activation results
primarily from the creation of new pores rather than the widening of already
existing pores. A potential interpretation of this finding is removal of disordered
carbon patches within the matrix, which are more susceptible to the activation
process than more ordered sections. A trivial consequence of this mechanism is
the increase of the average pore width by activation.

In summary, the results of this section show that strain isotherms are quite
sensitive even to minor changes in the micropore structure of carbons. Therefore
the simultaneous analysis of adsorption and strain isotherm is a suitable tool to
study the impact of structural modifications of microporous materials. The impact
of activation on the carbon xerogel’s mechanical properties is discussed in section
5.5.3.

5.5.2. Thermal Annealing

Thermal annealing induces structural changes to the carbon material, which are
significantly more complex than the effects of activation. A major challenge for gas
adsorption based analysis of annealed carbons is the diminishing accessibility of the
carbon microporosity for gas molecules for increasing annealing temperature [138,
160]. This effect is attributed to the growth of the carbon microcrystallites, which
restricts the interconnections between adjacent pores [164] (also compare Figure
5.25). As a consequence, adsorption measurements may detect only a fraction of
the total microporosity of an annealed carbon and thus allow only for conclusions
on the accessible pores [138]. As such, adsorption-induced deformation is only
triggered in pores accessed by gas molecules. Notably, different analysis gases
may exhibit different accessibility to the microporosity depending on molecular
size and temperature of the adsorbate complicating a consistent data evaluation.
Nevertheless, complementary to earlier works [138, 159, 160, 163, 164] an analysis
of the annealing process by adsorption and adsorption-induced deformation was
attempted.

The samples considered in this study were the micro- and mesoporous ref-
erence carbon xerogel C5000/50/900 and the derived samples C5000/50/1200
to C5000/50/1800 annealed at temperatures of 1200, 1400, 1600 and 1800 °C,
respectively. As for the activation process, the applied analysis gases were N,
at 77 K and CO, at 273 K. The respective adsorption and strain isotherms are
shown in Figures 5.26 for N, and in Figure 5.27 for CO,;. The N, adsorption
isotherms in Figure 5.26 and the derived structural parameters of the samples
given in Tables 4.4, 4.5 and 4.6 demonstrate that the annealing process only affects

to the respective quantity occurred. In order to avoid misinterpretation of the actual structural
modifications, surface area and pore volume should therefore be normalized to particle volume rather
than sample mass when considering activation. However, for the case considered in this work the
burn-off was so low, that this step is not required.
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Figure 5.25.: Schematic illustrating the effect of annealing on the microporosity within
network particles based on refs [138, 160, 164, 219]. Noteworthy, the skeletal
phase of annealed samples as seen by gas adsorption includes inaccessible
micropores. Additionally, the connection between particles is marked.

the microporosity of the carbon xerogels, while the mesoporous xerogel network is
fully preserved. Furthermore, all adsorption isotherms clearly show the expected
reduction of the accessible micropore volume to gas molecules with increasing
annealing temperature.

The above described structural modifications of the carbon xerogels by thermal
annealing allow already for some qualitative interpretation of the samples’ strain
isotherms (Figure 5.26 and 5.27): the most prominent feature of the strain
isotherms is the significant reduction of the samples’ strain with increasing
annealing temperature. With respect to adsorption stress models (Eq. 2.41
and 2.46), this observation appears quite natural, since for a given PSD and
mechanical moduli the strain of the microporous carbon matrix is expected to
be correlated to its accessible porosity, which decreases for increasing annealing
temperature (compare Figure 5.28). Furthermore, the samples’ strain in the regime
of micropore filling by Ny (Figure 5.26) shows a systematical shift of the strain
isotherms to higher relative pressure for increasing annealing temperature, while
simultaneously the extent of the contraction becomes more pronounced. This
indicates a change of the (accessible) pore structure towards larger micropores
with annealing temperature, which was also found in the quantitative sample
characterization (Table 4.5). However, the previous characterization also revealed
that the accessible microporosity of the carbon xerogels annealed at 1400 °C
and above differs for Ny and C'O,, ie., COy at 273 K typically accesses a larger
fraction of the total micropore volume than N, at 77 K. Thus, the trends found for
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Figure 5.26.: Experimental adsorption and strain isotherms for the micro- and meso-
porous reference carbon xerogel C5000/50/900 and the annealed samples
C5000/50/1200, C5000/50/1400, C5000/50/1600 and C5000/50/1800 for
Ny at 77 K (left: linear pressure scale, right: logarithmic pressure scale).
Full symbols denote adsorption, open symbols denote desorption.

micropore filling by N are not necessarily reproduced in the C'O, strain isotherms
(Figure 5.27) due to the different accessibility of micropores for Ny and C'Oy. On
the high relative pressure end of the N, strain isotherms, no significant difference
is found for the hysteresis loops. This is due to the essentially identical structure
of the mesoporous xerogel network for reference and annealed samples, which is
the origin of adsorption and strain hystereses.

To obtain quantitative information beyond the qualitative picture given above,
adsorption and strain isotherms of reference and annealed samples were analyzed
according to the procedure applied in the previous sections 5.4 and 5.5.1. As
before, this approach yields the carbon xerogels’ PSDs (Figure 5.29) exhibiting
the characteristic quantities V. (DFT) (Eq. 3.10), the specific micropore area
Smic (DFT) (Eq. 3.11) and the average micropore width w (Eq. 3.12) given
in Table 5.3 as well as bulk moduli of the microporous carbon matrix, K, and
Kpg, given in Table 5.4. Importantly, two significant differences to the modeling
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presented so far arise for the annealed carbon xerogels: (i) from the perspective of
gas adsorption the skeletons of annealed carbon xerogels are no longer nonporous
but contain inaccessible micropores. Thus, all properties for the "nonporous'
skeleton derived from adsorption based sample characterization and modeling
actually describe a porous carbon matrix (compare Figure 5.25). (ii) Due to the
different accessibility of the annealed carbons for Ny and COs, N, adsorption and
strain isotherms can no longer be predicted from C'Oy data. Therefore Ny and C'O,
data sets had to be evaluated independently resulting in two PSDs and two sets
of mechanical parameters for each sample. This issue was relevant for all samples
annealed at 1400 °C and above; for the carbon xerogel annealed at 1200 °C the
difference in accessible micropore volume was minor and thus using only one set
of model parameters was found to be sufficient for this sample. Noteworthy, the
simultaneous modeling of the Ny adsorption and strain data confirm the expected
trend of reduced micropore related strain ¢, (Eq. 2.46) with increasing annealing
temperature. This is illustrated in Figure 5.28, where experimental and theoretical
strains of the carbon xerogels at saturation €4 s, are plotted as a function of
the network particles” microporosity ¢.,;. (Table 4.6). Complementary, the strain
contributions at saturation arising from the microporous matrix &, 5o (Eq. 2.46 or
5.13, respectively) and the xerogel network e,e; 50t (Eq. 2.39 or 5.13, respectively)
are shown. From Figure 5.28 it can be seen that the strain contribution e, 54
decreases significantly stronger for decreasing microporosity than €, sq:. Thus,
for decreasing microporosity the relative contribution of €,e s to the overall
sample strain increases. Comparing the characteristics of the PSDs obtained from
the modeling of CO, data (Figure 5.27) the same trends as in section 4.2 are
found: the accessible micropore volume and surface area decrease, but the average
micropore size increases with the annealing temperature. The latter effect results
from a disproportionate decrease of pore volume for widths below approximately
1 nm. With respect to carbon xerogels annealed at 1400 °C and above, the same
results are found in the PSDs derived from N, and C'Oy data except for an overall
decreased pore volume in case of N,; therefore Ny PSDs are not shown here.
Noteworthy, the increase of average pore size is in line with previous studies on
annealed carbon xerogels applying small angle X-ray scattering [138], where the
total, i.e., accessible and inaccessible, microporosity was analyzed. This allows
for the conclusion that accessible and inaccessible pore volume are subject to a
quantitative similar increase of pore size.

In summary, the analysis of annealed carbon xerogels by simultaneous mod-
eling of adsorption and strain isotherms reveals significant challenges for the
method, since annealing may have tremendous effect on the pore accessibility.
Nevertheless, the obtained results for the pore structure are qualitatively in line
with expectations from adsorption analyses only. However, of particular interest
are the mechanical parameters of the annealed carbon xerogels derived from strain
data, which are analyzed in detail in the next section.
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Figure 5.29.: Cumulative and differential pore volume distributions of the micro- and

mesoporous reference carbon xerogel C5000/50/900 and the annealed sam-

ples C5000,/50/1200, C5000,/50,/1400, C5000/50/1600 and C5000,/50/1800

obtained from simultaneous modeling of the experimental CO2 adsorption
and strain isotherms shown in Figure 5.27.

5.5.3. Mechanical Properties of Carbon Xerogels

In sections 5.3 to 5.5.2 adsorption and strain isotherms of different carbon xerogels
were modeled by the combination of original or extended adsorption stress model
(Eq. 2.41 and Eq. 2.46, respectively) and the integral adsorption equation (Eq.
2.14). This modeling process includes the adaptation of structural and mechanical
characteristics of the underlying microporous carbon matrix, i.e., its PSD and
the mechanical parameters K, for the original adsorption stress model as well
as K and Kp for the extended adsorption stress model, respectively. While the
PSDs of the different carbon xerogels were already discussed, in the following the
mechanical parameters obtained in the previous sections are considered: first on
an individual base, then in comparison with reference values found in literature
for similar microporous carbon based materials. The bulk moduli derived from the
application of the extended adsorption stress model are summarized for all carbon
xerogels in Table 5.4.

To begin with, the micro-macroporous carbon xerogel C5000/30/800 is consid-
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Table 5.3.: Characteristic properties of the micropore size distributions obtained for all
carbon xerogels from simultaneous modeling of the experimental adsorption
and strain isotherms, i.e., the specific micropore volume V,,;. (DFT), the spe-
cific micropore area Sp,. (DFT) and the average micropore width w. For
carbons annealed at temperatures of 1400, 1600 and 1800 °C No and COq
access different fractions of the overall microporosity and thus results for N
and C'O differ.

sample Vinic (DFT) Smic (DFT) w
Ny /COs [cm?/g] Ny /COs [m?/g] Ny /COq [nm]

C5000/30/800 0.245 864 0.57
C5000/50/800 0.197 686 0.57
C5000/50/900 0.215 717 0.60
C5000/50/900A 0.254 790 0.64
C5000/50/1200 0.173 593 0.58
C5000/50/1400 0.106/0.133 327/423 0.65/0.63
C5000/50/1600 0.050/0.072 151/207 0.66/0.70
C5000/50/1800 0.025/0.033 63/81 0.79/0.81

Table 5.4.: Mechanical moduli obtained for all carbon xerogels from simultaneous model-
ing of the experimental COs adsorption and strain isotherms by the extended
adsorption stress model, i.e., the bulk modulus of the nonporous carbon phase
K, the effective pore modulus Kz and the resulting bulk modulus of the par-
ticles forming the xerogel network K,,. For carbons annealed at temperatures
of 1400, 1600 and 1800 °C Ny and C'O4 access different fractions of the overall
microporosity and thus results for No and CO4 differ.

sample K Kg K,
NQ/COQ [GPa] NQ/COQ [GPa] NQ/COQ [GPa]
C5000/30/800 124 + 1.1 3.5 £04 5.2 4+ 0.2
C5000/50/800 13.1 £ 1.3 3.3+05 6.6 £ 0.3
C5000/50/900 13.8 + 1.2 4.0 £0.5 6.2 + 0.2
C5000/50/900A 14.6 + 1.3 4.4 £+ 0.5 6.0 £ 0.2
C5000/50,/1200 16.0 + 1.7 3.6 0.6 9.0 £ 0.5

C5000/50/1400 159 +2.5/16.4 + 2.1 2.1 +£0.6/2.9 £ 0.6 11.5 + 1.3/10.8 = 0.9
C5000/50/1600 17.3 £ 1.7/17.2 +1.9 1.1 £0.3/1.6 £ 0.4 15.0 £ 2.0/14.0 + 1.3
C5000/50/1800 17.0 £ 5.8/16.9 + 3.8 0.5 £0.3/0.8 £ 0.3 16.0 £ 5.1/154 + 3.1

107



5. Discussion

ered, whose experimental isotherms were analyzed by both, original and extended,
adsorption stress model (section 5.3). The original adsorption stress model yields
the average bulk modulus of the microporous matrix K, = (6.1 £ 0.3) GPa, which
corresponds to the microporous particles of the carbon xerogel (Figure 3.2). The
extended adsorption stress model on the other hand determines the parameters
K, and Kj allowing for a calculation of K,, = (5.2 £ 0.2) GPa via Eq. 2.49.
Noteworthy, the bulk modulus K corresponds to the nonporous skeleton of the
phase of the carbon xerogels, i.e., the carbon microcrystallites, while Kz describes
the interconnection stiffness of the microcrystallites (compare Figures 2.6 und
5.25). Quantitatively, the values of K, evaluated by the adsorption stress models
are rather close giving no preference to either model. Due to the shortcomings of
the original adsorption stress model (compare section 5.3) all other carbon xerogels
were only evaluated by the extended adsorption stress model, whose results are
considered in the following.

Comparing the particle bulk moduli K,, obtained for the different untreated
carbon xerogels by the application of the extended adsorption stress model, an
apparent difference between the micro-macroporous sample (C5000/30/800, K, =
(5.2 £ 0.2) GPa) and the micro-mesoporous samples (C5000/50/800, K,, = (6.6
+ 0.3) GPa and C5000/50/900, K,, = (6.2 + 0.2) GPa, respectively) is observed.
The slightly higher values of K, for the micro-mesoporous carbon xerogels can be
explained according to the Gibson-Ashby model (Eq. 2.8) by the higher particle
density and respectively lower particle porosity ¢,q+ of the mesoporous samples
(Table 4.6), i.e., K, o< (1 — ¢part)®. Noteworthy, as expected the parameters K,
and Kpg are essentially constant within error bars for all untreated carbon xerogels

(Table 5.4).

With respect to activation of the sample C5000/50/900 (section 5.5.1), the
bulk moduli K, Kz and K, remain approximately constant within error consider-
ations (Table 5.4). These results suggest that the carbon material removed by the
activation did not contribute significantly to the overall stiffness of the particle.
This picture is well in line with the burn-off of highly disordered carbon segments
described in section 5.5.1. Further support for the similar of values of K,, of
reference and activated carbon xerogel is found in the also similar bulk moduli K
of the monolithic samples (Table 4.2), since for given network properties K, and
K, are expected to depend linearly onto one another (Eq. 2.8).

The most drastic changes of the carbon xerogels’ mechanical properties are
found for the annealing series (sample C5000/50/900 to 1800, section 5.5.2).
Here the bulk modulus K, of the particles within the xerogel network increases
significantly with the annealing temperature from approximately 6 GPa at 900 °C
to 16 GPa at 1800 °C, while bulk modulus of the skeletal phase K increases only
moderately. Here it is important to note that the skeletal phase of the annealed
carbon xerogels as seen by gas adsorption is not nonporous as for the untreated
samples, but contains inaccessible microporosity (compare Figure 5.25). Thus the
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bulk modulus of the actual nonporous carbon phase is expected to increase stronger
than K. Furthermore, for annealing temperatures of 1400 °C and above Ny and
CO, exhibit different accessibility to the carbon xerogel’s microporosity requiring
for two different PSDs and two sets of mechanical parameters within the modeling
process. However, the resulting values for K,, derived from N, and C'O, data
differ only slightly and are always consistent within error considerations (Table 5.4).

To explore whether the rather strong increase of the particles’ mechanical
stiffness K, with annealing temperature can be validated by independent mea-
surements, two other material properties and their dependence on the annealing
temperature are considered: one is the monolithic bulk modulus K, of the carbon
xerogel samples, the other the thermal conductivity Ajpermar Of evacuated carbon
xerogels. The monolithic bulk modulus K, was determined for the annealed carbon
xerogels investigated in this work via sound velocity measurements (Table 4.2).
Since the porosity of the particle network remains essentially constant during the
annealing temperature (Table 4.6), a direct correlation of bulk modulus K, and
particle modulus K, is expected from structural models such as the Gibson-Ashby
model (Eq. 2.8) or the empirical stiffness-density correlation by Gross (Eq. 2.9).
From Figure 5.30, showing K}, and K, as a function of the annealing temperature,
it becomes obvious that this expectation is not met. While both mechanical mod-
uli increase with annealing temperature, the respective dependences are clearly
different: the particle modulus K,, exhibits an approximately linear dependency
on the annealing temperature, whereas the bulk modulus K} increases in particular
in the temperature range between 900 and 1200 °C but is only remotely affected
by higher temperatures. Notably, the same dependence of the bulk modulus K}
on the annealing temperature was found in other studies on carbon xerogels [161].
Assuming the applied model determines the particle stiffness K, correctly, the
correlations shown in Figure 5.30 suggest an inhomogeneous change of mechanical
properties within the xerogel network preventing the increase of the particles’
mechanical stiffness K,, to be fully transferred onto the stiffness of the bulk
material K.

An indirect approach to the mechanical stiffness of the particles is found in
the thermal conductivity Apermar Of annealed carbon xerogels. Here it is impor-
tant to note that Aerma Of an evacuated carbon xerogel measured at elevated
temperatures corresponds essentially to the thermal conductivity of the xerogel
network itself, since contributions from gas transport within the network pores
or radiation are negligible. Furthermore, a correlation of the xerogel network’s
thermal conductivity and its mechanical stiffness is expected [161, 219].1° Thus,
Figure 5.31 shows the particle modulus K, as determined by the modeling process
and the thermal conductivity Apermar taken from ref [161] as a function of the
annealing temperature. As can be seen from Figure 5.31 both, K, and Mnermal,
increase linearly with the annealing temperature resulting in the correlation

10T his statement is only valid, if no significant electronic contributions to the thermal conductivity arise
as was shown for annealed carbon xerogels in ref [161].
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Figure 5.30.: The bulk moduli for the bulk Figure 5.31.: The bulk moduli K,, for the
carbon xerogel, Kj, (Table 4.2) and the microporous particles forming the network
microporous particles forming the network, (Table 5.4) and the thermal conductivity
K,,, (Table 5.4) as a function of the anneal- Apermar of evacuated carbon xerogels [161]
ing temperature. as a function of the annealing temperature.

Athermar ¢ Ko, At this point it is rather surprising that bulk modulus of the
carbon particles K,, appears to be well correlated with the thermal conductivity
Athermal but not with bulk modulus K, of the annealed carbon xerogel network.

Comparing the correlations of K,,, K; and A\jperma; With the annealing tempera-
ture, one may hypothesize that the connections between particles (compare Figure
5.25) do not exhibit the same structural changes during annealing as the particles
themselves. However, to explain the findings presented in Figures 5.30 and 5.31,
the particle connections have to be mechanical weaker than the bulk particles but
should not exhibit reduced thermal conductivity. Unfortunately, no information
about the properties of the particle connections and their dependence on annealing
temperature are currently available and thus any further considerations remain
purely speculative. Potential investigations to elucidate this issue would require
for carbon xerogels with different particle interconnections, e.g., via a variation of
the average particle diameter.

In the last part of this section the question is addressed, whether the absolute
values of K, obtained for the different carbon xerogels are reasonable. For
comparison, two different references from literature are employed: (i) the bulk
modulus of natural coal K(coal) = 3.5 GPa [61] and (ii) the bulk modulus of
glassy carbon K(glassy carbon) = 15 GPa [220]. Natural coal and glassy carbon
are microporous carbon-based materials of similar density as the particles within
carbon xerogels (i.e. 1.3 to 1.5 g/cm?), though obviously there are significant
differences: natural coal usually exhibits some small amount ash and macropores in
addition to its microporosity thereby increasing its overall mechanical compliance.
Contrary, glassy carbon is extremely stiff, since the interconnection of the carbon
phase within glassy carbon is so tight that its microporosity is entirely inaccessible
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for gas molecules. Therefore, natural coal and glassy carbon can be considered
extreme cases of microporous carbons. Comparing K (coal) and K (glassy carbon)
with the values of K, for untreated carbon xerogels, the results of the adsorption
stress models suggest that the microporous particles within carbon xerogels are
stiffer than coal but significantly more compliant than glassy carbon. With respect
to the strong increase of K, with thermal annealing, the bulk modulus of a carbon
xerogel treated at 1800 °C (K, ~ 16 GPa) is found to be very close to the one of
glassy carbon. This result appears very reasonable, because both, glassy carbon
and carbon xerogels thermally annealed at 1800 °C, exhibit little to no micropore
volume accessible to gas molecules suggesting very tight interconnection of the
nonporous carbon phase.

5.6. Zeolites - Ordered Microporosity

In the last section of the discussion, the experimental results obtained for the
zeolites KOSTROLITH 4ABFK and 13XBFK during CO, adsorption at 273 K
(Figure 4.15) are compared with the qualitative understanding of micropore
deformation obtained in the previous sections for microporous carbons. The major
advantage of zeolites over microporous carbons is their high degree of order and
thus monomodal PSD. As such, there is no ambiguity about pore size and structure
causing the adsorption-induced deformation of the zeolite. The particular zeolite
samples investigated in this work exhibit two structural levels, i.e., the level of the
well-defined cage like micropores shown in Figure 3.3 and the level of the disordered
macroporous network formed by subunits of pure zeolite shown in Figures 4.6
and 4.7. In direct analogy to carbon xerogels, the correlation of the (linear)
dilatometric strain e4; with the theoretical predicted (volumetric) strain of the
microporous matrix &, is thus given by the simple correlation €,, = 3e4;, if 4 < 1.

To begin with, the experimental result for the zeolite 13XBFK (framework
type FAU) is considered. The zeolite 13XBFK exhibits the typical nonmonotonic
strain isotherm of microporous materials, which is quantitatively and qualitatively
in line with previous in-situ dilatometry studies on FAU zeolites [35, 36] (see Figure
5.32). Noteworthy, these previous studies had no access to actual monolithic
zeolites, but created virtual monoliths from zeolite powder and clay binder. This
procedure raises the obvious question, whether the clay binder affects the strain
isotherm of the artificial monolith compared to the pure zeolite phase. Since the
dilatometric results obtained in this work on a binder-free zeolite monolith are
well comparable to the binder-zeolite composite (Figure 5.32), it can be concluded
that clay binder did not change the characteristic shape of the strain isotherm.

To describe the nonmonotonic shape of the strain isotherm for FAU zeolites,
Ravikovitch and Neimark proposed the original adsorption stress model [70], which
was later adapted for microporous carbon [75]. However, in contrast to carbons the
geometry of the micropores within FAU zeolites can be approximated by a sphere
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Figure 5.32.: Experimental dilatometric strain of the binderless zeolite 13XBFK during
COy adsorption at 273 K (this work) and a FAU zeolite-binder composite
during Kr adsorption at 153 K [35].

and thus the extensions of the adsorption stress model described in section 2.3.1 are
not required for the modeling process. As a consequence, the theoretical descrip-
tion of the zeolite strain by Ravikovitch and Neimark correctly took into account
both stress mechanisms typical for micropores, i.e., the mediation of the pore wall
potentials by the adsorbate and the reduction of the interfacial energy between
pore and adsorbate. As shown for adsorption in slit-shaped micropores (section
4.1), the stress normal to the pore wall can be positive or negative depending on
the ratio of pore size to molecular size of the adsorbate resulting in pore expansion
or contraction, respectively, while the stress tangential to the pore walls is always
positive and thus causes expansion. For the modeling of Xe and Kr adsorption
of FAU zeolites Ravikovitch and Neimark found a spherical pore of 0.6 nm in
diameter to be most appropriate, while the Van der Waals diameters of Xe, Kr
and CO, (applied in this work) are all approximately 0.35 nm [70, 113]. Thus, the
adsorption of these gases results in a loose packing of adsorbate atoms/molecules
within the micropores of the FAU zeolite, which in turn causes the contraction of
the pore, before the expansive interfacial energy change overtakes the contraction
mechanism for progressing adsorption. In conclusion, the description of the strain
isotherms of FAU zeolites and microporous carbon xerogels is the same on the
qualitative level, though quantitative data evaluation would require additional
NLDFT calculations adapted to the zeolite under investigation.

In the second part of this section the strain isotherms of the LTA =zeolite
4ABFK is considered. Here it is important to note that previous studies on the
deformation of LTA zeolites during the adsorption of Kr in the temperature range
of 153 to 198 K showed once again the characteristic contraction-expansion strain
isotherm [37]. On the other hand, the dilatometric strain isotherm of the zeolite
4ABFK obtained in this work for C'O, adsorption at 273 K exhibits monotonic
expansion only. A respective comparison is shown in Figure 5.33. Noteworthy,
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the zeolite 4ABFK was found to exhibit no detectable N, adsorption at 77 K and
consequently no related deformation.
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Figure 5.33.: Experimental dilatometric strain of the binderless zeolite 4ABFK during

CO3 adsorption at 273 K (this work) and a LTA zeolite-binder composite
during Kr adsorption at 153 K [37].

To explain these apparently inconsistent results, two effects have to be taken
into consideration:

(i) the micropore structure of the LTA zeolite differs from the one of the
FAU zeolite in shape and size, i.e., in particular the effective diameter of the
ring-shaped connections between the cubic pores is less than 0.4 nm and therefore
of similar size as the effective Van der Waals diameters of Kr (0.36 nm, [70]), CO,
(0.35 nm, [113]) or Ny (0.36 nm, [113]).

(ii) the temperature of the adsorption measurement affects both, adsorption
and strain isotherm. As already discussed in section 5.3, with increasing tempera-
ture adsorption and strain isotherms are shifted to higher relative pressure and the
initial contraction of the strain isotherm is reduced. Furthermore, at the cryogenic
temperature of 77 K the transport between micropores is hampered due to the low
kinetic energy of the gas atoms/particles.

Following above considerations, the combination of a micropore size similar
to the adsorbing gas molecules and the cryogenic temperature of 77 K provides
a very intuitive explanation, why a monolithic piece of the zeolite 4ABFK did
not exhibit adsorption in the N, experiment, i.e., due to diffusive limitations.
Contrary, the results from ref [37] suggest that for temperatures above 150 K Kr
can fully access the zeolite’s microporosity and the corresponding strain isotherm
is qualitatively identical to the strain isotherms of FAU zeolites or microporous
carbons. This situation falls in line with the understanding of adsorption-induced
deformation as described before.
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The particular case of C'O, adsorption at 273 K on the zeolite 4ABFK, however,
requires some more interpretation. For one, NLDFT calculations for slit-shaped
carbon micropores revealed that a monomodal PSD can result in monotonically
increasing adsorption stress and consequently monotonic expansion, if the width of
the pore is smaller than the van der Waals diameter of the adsorbate (section 4.1).
In such cases, the adsorbed molecule does not mediate the long-ranged attraction
of the pore wall potentials but their short-ranged repulsion. Given that the
diameter of the pore entrances of the LTA zeolites is smaller than 0.4 nm it may
indeed be smaller than the adsorbing C'Oy molecule depending on its orientation
within the pore. Simultaneously, the pore entrance has to be larger than a Kr
atom, since otherwise Kr adsorption would qualitatively result in the same strain
isotherm as C'O, adsorption. In this scenario, the monotonic expansion of the
zeolite 4ABFK during C'O, adsorption is the consequence of a very fine tuned
sieving effect by the zeolite’s pore entrances.

Another approach to the shape of the monotonic strain isotherm of the zeo-
lite 4ABFK follows from the temperature dependence of adsorption-induced
deformation. As was demonstrated experimentally for microporous carbons |6,
194], the initial contraction found in the strain isotherm reduces for increasing
temperature to the point where it is barely [194] or not even at all detectable
[6]. This effect is qualitatively in line with NLDFT calculations for slit-shape
micropores shown in section 4.1, though a complete removal of the negative
adsorption was not found in the temperature range considered there. However,
the adsorption-induced strain of the LTA zeolite structure could be more sensitive
to temperature than slit-shaped pores. To validate this explanation, temperature
dependent measurements of adsorption-induced deformation would be required for
the zeolite 4ABFK-CO2 combination.
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The work at hand combines the results from in-situ dilatometry measurements
during the adsorption process with currently available models for adsorption-
induced deformation of nanoporous materials. The model materials investigated
were a hierarchical structured silica, a silica aerogel, carbon xerogels and zeolites
of type FAU as well as LTA, respectively. All of the model materials exhibited
characteristic strain isotherms similar to previous studies reported in literature for
comparable materials. The only exception in this regard is the LTA zeolite.

Based on comprehensive material characterization, theoretical models of
adsorption-induced deformation were applied to the obtained experimental
data. In summary this led to the following conclusions for the different model
materials:

Hierarchical structured porous silica. The adsorption-induced deformation of
the hierarchical structured silica is dominated by its well defined cylindrical
mesopores, while its macropores have little to no impact on the obtained strains.
The net strain of this sample at saturation is the smallest measured in this work
and one of the smallest found in literature due to its sintering at 950 °C. The
application of the extended adsorptions stress model results in a consistent descrip-
tion of adsorption and strain isotherm: prior to capillary condensation, i.e., in the
film regime of the adsorption isotherm, the strain of the sample can be understood
as a competition between positive strain induced by a progressive reduction of
the solid surface energy (Bangham’s law) and negative strain due to the concave
liquid-vapor interface within the pore (Laplace strain). Since the former effect is
quantitatively dominant for the considered adsorption of Ny at 77 K, the sample
is expanding for increasing relative pressure. After capillary condensation, when
the mesopores are essentially completely filled with adsorbate, the pore structure
within the sample is subjected to capillary pressure. The evaluated structural and
mechanical properties of the sample are well in line with independent measure-
ments and results reported in literature. On a side note, the proposed extension
of the original adsorption stress model by Ravikovitch and Neimark was shown to
be of considerable importance to obtain reasonable values for the model parameters.

Silica aerogel. In contrast to the hierarchical structured silica, the silica aerogel
exhibits mesopores of ill-defined shape. However, the structural disorder does not
change the fundamental mechanisms of the adsorption-induced deformation found
for well-defined cylindrical pores within the hierarchical structured silica, i.e.,
Bangham’s law and Laplace strain in the film regime of the adsorption isotherm as
well as capillary pressure in the filled pore regime. However, the combination of the
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particulate structure and the low density of the silica aerogel drastically changes
the weighing of the different strain contributions enhancing the impact of Laplace
and capillary pressure by several orders of magnitude. As a consequence, the silica
aerogel exhibits the most extreme strain values of all samples considered. Notably,
an increase of the sample’s density would attenuate the extreme strain values
potentially resulting in a similar strain isotherm as observed for the hierarchical
structured silica.

The models proposed for the evaluation of the silica aerogel’s strain isotherm give
a qualitatively and mostly also quantitatively correct description of the material’s
adsorption-induced deformation. Bulk moduli for the nonporous silica particles
and the macroscopic silica monolith were obtained from the filled pore regime
and their respective values are well within the expectations derived sound velocity
measurements. The bulk modulus of the nonporous silica particles is furthermore
supported by the application of Bangham’s law in the low relative pressure regime
of the strain isotherm. The impact of the Laplace stress resulting from the curved
adsorbate film within the aerogel structure is only qualitatively described by
the approximation of the cylindrical pore model, while quantitatively significant
deviations are observed.

Carbon xerogels. The strain isotherm of a carbon xerogel is a superposition
of the adsorption-induced deformation of the particle network as found for the
silica aerogel and the strain of the microporous matrix within the particles.
The extent of each effect varies between samples depending on the respective
structural details: if the particle network of the carbon xerogel is macroporous,
the only significant strain contribution arises from the microporous matrix. For
mesoporous carbon xerogels on the other hand, the network deformation was
found to be relevant, however, for the particular species investigated in this work
the respective contribution to the strain isotherms was smaller than the impact of
the microporous matrix. Noteworthy, this result is directly related to the rather
high bulk moduli of the carbon xerogel considered, i.e., for carbon xerogels of
similar density as the silica aerogel strain related to mesopores would be a major
contribution to the strain isotherm.

The evaluation of carbon xerogel strain isotherms clearly shows that both, the
original as well as the extended adsorption stress model, are capable of describing
the characteristic nonmonotonic strain isotherm of microporous materials. How-
ever, the extension of the adsorption stress model for pore anisotropy results in
an overall more consistent data description than the original version applied in
literature. The obtained pore size distributions and mechanical moduli for the
carbon xerogels are well within expectations from previous studies and independent
measurements.

Both after treatments applied to the carbon xerogels, i.e., activation and annealing,
have clearly visible impact on the strain isotherms compared to their respective
reference samples due changes of the microporous matrix within the particles.
The quantitative analysis of the strain isotherms results again in reasonable
predictions for structural and mechanical properties of the modified samples,
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though in particular the annealing process creates significant challenges for the
data evaluation process due to limitations of the micropore accessibility.

FAU and LTA zeolites. The strain isotherm of the FAU zeolite exhibits the
same shape as the strain isotherms of carbon xerogels and other microporous
materials, i.e., the characteristic contraction for initial pore filling, which crosses-
over to expansion for progressing adsorption. The LTA zeolite on the other hand,
exhibits a strain isotherm rarely seen for microporous materials: the LTA zeolite
expands monotonously for increasing relative and amount adsorbed, respectively.
While no quantitative description of this observation was available, qualitative
explanations can be found within the pore size and temperature dependence of
adsorption-induced micropore deformation.

Finally, some general conclusions can be to be drawn when considering the
work at hand on the whole. In analogy to the introduction, these conclusions
can be classified into theoretical and experimental advances as well as technical
implications:

Theoretical advances. With respect to theoretical understanding of adsorption-
induced deformation the major contribution of this work is the extension of the
adsorption stress model originally proposed by Ravikovitch and Neimark for
anisotropic pore geometries, i.e., the cylindrical pore and the slit-shaped pore. For
both pore geometries, the extended adsorption stress model adds a qualitatively
new level to the theory, which can be considered as an unification of the original
adsorption stress model and Bangham’s law.

Another noteworthy result is the finding that the adsorption-induced strain of
materials exhibiting clearly distinguishable structural levels may be described by
a superposition of models appropriate to the respective structures.

Experimental advances. The most valuable experimental accomplishment of
this work is the in-situ dilatometry setup in its final form. The applied revisions
improved the quality of strain measurements for materials exhibiting only very
small deformations at potentially very low (relative) pressures. In combination
with the vapor option of the connected adsorption instrument the overall setup can
handle a respectable range of adsorbate-temperature combinations including the
current standards for gas adsorption measurements, i.e., Ny adsorption at 77 K,
Ar adsorption at 87 K and C'O, adsorption at 273 K.

Furthermore, the combination of the in-situ dilatometry setup and theoretical
models proved to be a useful tool for structural and mechanical characterization
of materials as was exemplified for the activation and thermal annealing of carbon
xerogels. Notably, this approach allows for mechanical characterization on the level
of the material’s pores, which is a regime that is challenging to access otherwise.

Technical implications. With respect to this work’s technical implications
two fields come to mind: adsorption-driven actuation and electrical energy storage

117



6. Conclusions

via electrosorption. Regarding the development of actuators, the results of this
work show that adsorption-induced stress generally increases for decreasing pore
size, e.g., micropores exhibit larger stress than mesopores. However, the same
trend is not necessarily true for the resulting adsorption-induced strains, which
also depend on the effective resistance of the porous material to the applied
stress. Apart from the mechanical stiffness of the nonporous skeleton forming the
porous material, the porosity of the material is a major parameter for the extent
of adsorption-induced strain. However, a material may exhibit an overall large
porosity, but only a fraction of its pore volume comprises pores, which exhibit
significant adsorption-induced stress. It can also be hypothesized that beyond
purely structural dependencies of adsorption-induced deformation, modifications
of a material’s surface chemistry may result in enhanced or reduced interaction
potentials for specific adsorptives thereby allowing for more control of the adsor-
bent’s strain.

Another field related to gas adsorption and therefore gas adsorption-induced
deformation is electrical energy storage via electrosorption, since the applied
electrodes are often nanoporous to increase the surface area accessible to the
electrolyte. Obviously, the Coulomb interaction potentials of ions and charged
pore walls differ from gas adsorption, which is dominated by dispersion forces, but
the strain inducing mechanisms should be generally similar in both cases. Thus a
transfer of the results obtained in this work to electrosorption may be very helpful
to understand the deformation of electrodes.
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7. Appendix

A. Molecular Models of NLDFT Calculations

This section summarizes the molecular models for the fluid as applied in NLDFT
calculations (see also a reference related to this work [188]). With respect to Eq.
2.10 explicit expressions for the free energy contributions of the adsorbate due to
ideal gas behavior, Fjg.q, and fluid-fluid interaction, F_,..ss, are required:

Figeat [pa ()] = kT / drp, (r) [In (A% (r) — 1], (A1)

Fezcess [Pa ()] = Fatt [pa (7)) + Fs [pa ()] - (A.2)

Here kp is the Boltzmann constant and A is the thermal de Broglie wavelength of
an adsorbate molecule. The excess free energy Fi,...s of the fluid phase is separated
into fluid-fluid attraction F,;; and hard sphere repulsion Fpg contributions.

The fluid-fluid attraction Fj; is modeled by the interaction potential ¢qy
according to the Weeks-Chandler-Andersen perturbation scheme [108]:

1 / / /
Fe [pa ()] = 5 [[ drds’p (r) pu () G (i = 7). (A.3)
—Eff T‘<T‘m:21/60'ff
Gare (1) = < deyy [(01{’”)12 — (‘774")6] Ty < T < Te (A.4)
0 r>Tr,.

Here €7 and oy are parameters for depth and range of the interaction potential,
respectively. r,, describes the minimum of the potential and r. is the cutoff
distance of the fluid-fluid interaction. In a previous work e, and oy were adapted
to correctly describe physical properties of the unconfined fluid, e.g., liquid surface
tension and liquid-vapor equilibrium [111] (Table A.1). The cutoff distance for
fluid-fluid interaction was set to 5oy.

For the hard sphere repulsion free energy Fpg, the RLST version [109] of
the fundamental measure theory of Rosenfeld [110] is employed:

ning — Ny * Ny

Fus [pa (r)] = kBlT /dr (—noln (1 —n3) + —

(A.5)

3
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Table A.1.: Summary of parameters applied in NLDFT calculations for the adsorption
of Na, Ar and CO,. Here €y and oy are the parameters of the attractive
fluid-fluid potential, ds is the molecular hard sphere diameter, £, and oy
are the parameters of the solid-fluid potential [113, 216], T is the temperature
and my,e is the molar weight of the adsorbate[200].

adsorbate €ff/kB Off drs Esf/k}B Osf T Mol
K] [nm] [nm] (K] [nm] K] [g/mol]
Ny 94.45 0.3575 0.3575 53.22 0.3494 77.4 28.013
Ar 118.05 0.3305 0.339 55.0 0.335 7.4 39.948
COq 235.9 0.3454 0.3495 81.5 0.343 273.15 44.01
258.81 0.35547 243.15
215.49 0.34179 303.15
n(® (r) = /r’pa (1) W' (r — 1) (A.6)
w© (r) = 0 (Rus —r) w® (r) = 0 (Rus — )
4TRY 4TRpys
w? (r)=90(Ruys—r), w® (r) =0 (Rgs — ),
rd(Rys—r)

WV () = ;5 (Rys — 1), w2 (r) = (A7)

r 47TRHS

Here, n(® (r) are weighted densities derived by utilizing the scalar weight-
ing functions w® and the vectorial weighting functions w(®; additionally,
¢ = |nya/ne|. In Eq. A.7 §(r) is the Dirac delta function, © (r) is the Heaviside
function and Rys = dyg/2 is the hard sphere radius of the adsorbate molecule
with dyg being the respective hard sphere diameter.

All parameters for NLDFT calculations were taken from Ravikovitch et al.
[113] except for C'Oy adsorption at 243 and 303 K, where minor modifications to
the fluid-fluid interaction parameters were made following the suggestions of ref
[216] (Table A.1).

B. Disjoining Pressure Reference Isotherms

The application of DBAB theory (section 2.2.3) and the calculation of surface
energy change (Eq. 5.11 and 5.12) require for explicit expressions of the dis-
joining pressure and reference isotherms, respectively. In this work reference
isotherms were determined for Ny adsorption on silica (77 K), Ny adsorption on
carbon (77 K), Ar adsorption on carbon (77 K) and CO, adsorption on carbon
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Figure B.1.: Experimental reference isotherms for the adsorption of Ny (77 K) on silica
(left) and theoretical reference isotherms derived by NLDFT calculations for
a 40 nm wide slit-shaped carbon micropore and the adsorption of Ny (77 K),
Ar (77 K) and CO4 (273 K) (right).

(273 K) (Figure B.1). The silica reference isotherm was determined on a purely
macroporous silica sintered at 1000 °C exhibiting a specific surface area of S =
9.9 m?/g; details on the preparation and characterization of the silica reference
sample are given in a publication related to this work [129]. The carbon reference
isotherms were determined by NLDFT calculations on a slit-shaped mesopore of
40 nm width, which was shown by Ravikovitch et al. to be sufficiently large to
represent a flat surface [113]. Notably, NLDFT calculations yield surface specific
adsorption N,/As (compare section 2.2.2) in contrast to experiments, where the
mass specific adsorption N, /Mgampie is determined. The step like adsorption of N,
and Ar at 77 K on carbon (see Figure B.1) is a consequence of the smooth wall
approximation of NLDFT calculations (see discussion in section 4.1).

From the reference isotherms shown in Figure B.1 explicit expressions for the
disjoining pressure II (h) (Eq. 2.18) were derived for the adsorption of Ny (77 K)
on silica and carbon. Under the assumptions of liquid like density for the adsorbate
(VL (No, TTK) = 34.66 cm?/mol [79]) and very large pores (R — 0o) the disjoining
pressure as a function of relative pressure is given by (Eq. 2.18)

I (p/p0) =~ - (o). (B.1)

Furthermore, the thickness of the adsorbate film A can be derived from the ref-
erence isotherms as

h(p/po) = & e

S Msample

(p/po) or (B.2a)
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Figure B.2.: Plots of the disjoining pressure II (Eq. B.1) as a function of the adsorbate
film thickness h (Eq. B.2) for Ny adsorption (77 K) on silica (left) and
carbon (right) as well as respective fitting by Eq. B.3.

Table B.1.: Parameters of the disjoining pressure II (h) as described by Eq. B.3 for the
adsorption of Ny (77 K) on silica and carbon.

adsorbent 11, A 11, A9
[MPa] [nm] [MPa] [nm]
silica 178 0.23 68 0.073
carbon 155 0.32 100 0.15
N,
h(p/po) = Vi - Ag (p/po) - (B.2Db)

Together Eq. B.1 and B.2 allow for plotting I (k) (Figure B.2), which is then
approximated by an analytical function such as [90]

IT(h) =11; exp(—h/\) + 13 exp (—h/As), (B.3)

where II;, II5, A\; and A\, are fitting parameters. The fitting parameters obtained
for Ny adsorption on silica and carbon are summarized in Table B.1.

C. Connection between ASAP2020 and Dilatometer

Figure C.1 shows the connection between the commercial sorption instrument
(ASAP2020) and the dilatometric setup designed within the framework of this
thesis. The dilatometric side of the connection is a commercial Ultra-Torr adapter
(Swagelock), while the other end is a specifically designed connector to meet the
requirements of the sorption instrument. In between another adapter (Swagelock)
and a copper tube were applied. The copper tube was bent to act like a spring
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dampening mechanical shocks originating from the sorption instrument.

connector copper tube

sorption

. dilatometer
instrument

Swagelock adapter Ultra-Torr adapter

Figure C.1.: Connection between the commercial sorption instrument (ASAP2020) and
the dilatometric setup.

D. in-situ Dilatometry Measurement on a Glass Rod

The in-situ dilatometry measurement on a nonporous glass rod (Lg ~ 4 cm) for Ny
(77 K) revealed an approximately linear decrease of the dilatometric signal with
the gas pressure inside the sample holder (Figure D.1). This strain exceeds the
background noise approximately by a factor of 2.5. The origin of this effect is not
fully understood; a potential explanation would be that the gas pressure expands
the sample holder and compresses the push rod as well as the glass rod thereby
causing a mixture of actual and apparent contraction of the sample. Thus, it may
be possible to correct numerically for the pressure dependence of the dilatometric
signal, but given the magnitude of the commonly observed adsorption-induced de-
formation this apparent deformation is quite small. For practical considerations,
the strain shown in D.1 was therefore not explicitly corrected but rather incorpo-
rated into the accuracy of the overall setup.

E. PSDs from N2 and CO2 Adsorption for Annealed Carbon
Xerogels

As described in section 4.2, the determination of the complete micropore size
distribution of carbon xerogels annealed at 1400, 1600 and 1800 °C cannot be
performed the same way as for the other carbon xerogels, because Ny and CO,
molecules access different fractions of the annealed samples’ total micropore
volume. Due to this issue the cumulative specific pore volume distributions derived
for these samples from N, (77 K) and CO, (273 K) adsorption isotherms via
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Figure D.1.: in-situ dilatometry measurement for Ny adsorption at 77 K on a nonporous
glass rod. The sample strain is given in absolute values.

NLDFT analysis do not exhibit an intersection point (compare Figure 4.10) and
thus a direct connection of both PSDs is not possible.

In order to obtain information about the annealed carbons’ micropore pore
size distribution despite the above mentioned problem, assumptions had to be
made regarding the accessibility for CO, and N, molecules. The procedures are
illustrated in Figure E.1 for the carbon xerogel C5000/50/800:

For CO,: the cumulative PSD determined from the C'O, adsorption isotherm
is considered valid for COy molecules up to a pore width of 0.7 nm. For pore
widths above 0.7 nm the cumulative PSD determined from N, adsorption is
shifted upwards till it connects with the cumulative PSD derived from CO,
adsorption. This implies that the accessibility for C'O, molecules is the same as
for Ny molecules for pores larger than 0.7 nm. The connected cumulative PSD is
differentiated with respect to the pore width to obtain the specific differential PSD.

For Ny: the cumulative PSD determined from the N, adsorption isotherm is
considered valid for N, molecules above a pore width of 0.7 nm. Below a pore
width of 0.7 nm the cumulative PSD accessible to Ny has to be derived from the
cumulative PSD derived from C'Oy adsorption. This procedure bears significant
arbitrariness and thus two extreme scenarios are considered here:

(i) the cumulative PSD derived from the C'O, adsorption isotherm is shifted
downwards till it connects with cumulative PSD derived from the Ny adsorption
isotherm.

(ii) the cumulative PSD derived from the C'O, adsorption isotherm is scaled

downwards by a constant factor till connects with cumulative PSD derived from
the Ny adsorption isotherm.
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F. Estimate for Increase of Micropore Volume by Activation
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Figure E.1.: Cumulative and differential PSDs, Vi, and Vy; ¢ r, respectively, accessible to
Ny (77 K) and COz (273 K) for the annealed carbon xerogel C5000/50/1400.

As for COs, the connected cumulative PSDs are differentiated with respect
to the pore width to obtain the specific differential PSDs. Notably, the intersection
of the connected cumulative PSD with the pore width axis derived by these
approaches and thus the smallest pore width accessible to N, molecules varies
significantly. As a consequence of this approach, the characteristics quantities of
the PSD accessible to Ny molecules, i.e., Ve (DFT), S;c (DFT) and w, exhibit a
range rather than a single value (compare Table 4.5).

F. Estimate for Increase of Micropore Volume by Activation

To estimate the increase of a carbon xerogel’s specific micropore volume AV,,;. by
activation, first the density ppq+ of the particles forming the carbon xerogel prior
to activation is considered:

1 Mg
Ppart = = .
Vmic + 1/ps ‘/;)G,T‘t
Here V. is the carbon xerogel’s specific micropore volume prior to activation,

ps is the density of the nonporous skeleton, m, is the mass of the nonporous
skeleton and V. is the (absolute) volume of the particles.

(F.1)
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7. Appendix

The activation causes a relative mass loss ¢y, within the carbon particles
leading to a new density of the carbon particles:

1 m! (1 — ppo) m
/ s 0 S
Ppart = = = = (1 — ¥wo) * Ppart- F.2
part n,v,z’c + 1/108 V;mrt ‘/part ( ) part ( )
The second equality in Eq. F.2 implies that the volume of the particle is
conserved during activation, i.e., all burn-off takes place inside the particles and

creates new micropore volume.

Combining Eq. F.1 and F.2 the change of specific micropore volume by
activation is given by

Pbo . 1
1— Pvo  Ppart

Notably, if the experimentally detected change of micropore volume is equal to
the result of Eq. F.3, it can be assumed that indeed all burn-off took place inside the
particles. If Eq. F.3 overestimates the change of micropore volume, it is likely that
the activation process changed the volume of the particles, e.g., by specific burn-off
at the particles’ surface. In this case an increased specific external surface area is
expected. Finally, if Eq. F.3 underestimates the change of micropore volume, it
is likely that the carbon xerogel contained micropore volume inaccessible prior to
activation.
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Symbols and Abbrevations

Latin Symbols

dpart
drod

dstrut
E

Ey

E,

E,
Fatt
Fercess
Fgs
Figeal
Afs

h
he
he
K
k

o

Ky

kg

Kpg
K
Kpart
Krod
K
Ksilica
L

l

Lo

lo
lsound
Mmol
mg
Msample

Nq

cross-sectional area of a slit-shaped pore

cross-sectional area of an adsorbed molecule

surface area of the porous solid’s skeleton

linear elastic modulus

C-Parameter of BET theory

C-Parameter of Gibson-Ashby model

hard sphere diameter of the adsorbate molecule

mesopore lattice constant of hierarchical structured silica
diameter of cylindrical or spherical pore

diameter of spherical particle

diameter of cylindrical rod

diameter of mesoporous cylindrical strut in the hierarchical structured
Young’s modulus

reference Young’s modulus in aerogel scaling law

Young’s modulus of the porous solid

Young’s modulus of the porous solid’s skeleton

free energy of the attractive interaction of adsorbate molecules
free energy contribution due to molecular interaction of the adsorbate
free energy of the hard sphere interaction of adsorbate molecules
free energy of the ideal gas

change of solid surface stress

adsorbate film thickness

critical adsorbate film thickness for capillary condensation
critical adsorbate film thickness for capillary evaporation

bulk modulus

effective bulk modulus of the cylindrical tube model

bulk modulus of the porous solid

Boltzmann constant

bulk modulus describing the resistance to changes of the pore shape
effective bulk modulus of the microporous carbon matrix

bulk modulus of the spherical particles in aero-/xerogel structures
bulk modulus of rod-like particles in aero-/xerogel structures
bulk modulus of the porous solid’s skeleton

bulk modulus of nonporous amorphous silica

length of cylindrical pore/tube

length of sample as seen by the dilatometric setup

absolute length of sample in in-situ dilatometry measurement
reference length of sample as seen by the dilatometric setup
distance between ultrasonic emitter and receiver

molar mass of the adsorbate

mass of the porous solid’s skeleton

mass of monolithic sample

molar amount adsorbed
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130

N
Na,flat
Na
Nmono
NNLDFT
Nke?“nel
p

Do

p/po

Pc

DPcap

DPe

Pyl

R

Te

}%g
Rys

T'm

Rout
Rpart
Rrod
r

S

SBET
Scum
SpBdB
Sdiff
Sezt
Smac
Smeso
Smic
T

At
Uezt

USteele

<=

meso

S

B
3

<

sample

Vst

Vsound

weighted densities of the applied fundamental measure theory
molar amount adsorbed on a flat surface

Avogadro constant

(molar) monolayer capacity of the BET theory
molar surface specific adsorption isotherm from NLDFT calculations
theoretically derived molar surface specific adsorption isotherm
gas pressure

gas saturation pressure

relative gas pressure

gas pressure of capillary condensation

capillary pressure

gas pressure of capillary evaporation

filling pressure of pores

pore radius of cylindrical pore

cutoff distance of the fluid-fluid interaction potential
gas constant

hard sphere radius of the adsorbate molecule
minimum distance of the fluid-fluid interaction potential
outer radius of cylindrical tube

radius of spherical particle

radius of cylindrical rod

position vector within micropore

specific surface area of the porous solid

specific surface area derived from BET theory
specific cumulative surface area distribution

specific surface area derived from DBdB theory
specific differential surface area distribution

specific external surface area of the t-plot method
specific surface area of macropores

specific surface area of mesopores

specific surface area of micropores

temperature

runtime of ultrasonic pulse in sound velocity measurement
external solid-fluid potential for NLDFT calculations
Steele potential

(absolute) pore volume

specific bulk volume of porous solid

specific cumulative pore volume distribution
(absolute) volume of cylindrical pore

specific differential pore volume distribution

specific pore volume according to the Gurvich rule
molar volume of the adsorbate in liquid phase
specific macropore volume

specific mesopore volume

specific micropore volume

specific pore volume

absolute particle volume within carbon xerogel
specific volume of the nonporous solid skeleton
geometric volume of a monolithic sample

volume of a slit-shaped pore

sound velocity

width of a sit-shaped pore

average width of sit-shaped pores



wmaz

Wmin

width of a slit-shaped carbon pore within NLDFT calculations
largest pore width within a kernel of sit-shaped pores

smallest pore width within a kernel of sit-shaped pores
parameter for the description of strain data of the hierarchical
Cartesian coordinate

Greek Symbols

(%

Vv

Vst

Vs
Ay
A

e

€a,l
Ea
€
€dil
Erf

€ Laplace
Em
Enet
E‘:pam&
Erod
€s
Esf

A

)‘17 )\2
)\the'r‘mal
7

ir
1%

Uy
Vrod

Vs

II

Iy, Iy
Po

Pa

Pb

Pg
Pmass
Pmol
ppart
Prod

Ps
Psilica
Pstrut
g

Oa

exponent in aerogel scaling law

angle within the microporous carbon model

liquid-vapor surface energy

solid-liquid surface energy

surface energy of the dry solid

reduction of the solid surface energy by adsorption
interlayer distance of the Steele potential

strain

strain due to adsorption stress normal to the pore wall
strain due to adsorption stress parallel to the pore wall
strain of the microporous matrix at constant skeleton volume
strain isotherm measured by in-situ dilatometry

fluid-fluid interaction parameter

strain due to Laplace stress

strain of the microporous carbon matrix

strain of a meso- or macroporous aero-/xerogel network
strain of spherical particles within an aero-/xerogel network
strain of rod-like particles within an aero-/xerogel network
strain of the nonporous skeleton

solid-fluid interaction parameter

thermal de Broglie wavelength of an adsorbate molecule
parameters of disjoining pressure fit

thermal conductivity of the porous solid in the evacuated state
chemical potential

chemical potential of reference state

Poisson’s ratio

Poisson’s ratio of the porous solid

Poisson’s ratio of rod-like particles within an aero-/xerogel network
Poisson’s ratio of the porous solid’s skeleton

disjoining pressure

parameters of disjoining pressure fit

reference density in aerogel scaling law

number density of the adsorbate

bulk density of the porous solid

number density of graphite in the Steele potential

mass density of the adsorbate

molar density of the adsorbate

density of a spherical particle

density of a cylindrical rod

density of the porous solid’s skeleton

density of the nonporous amorphous silica

density of the struts within the hierarchical structured silica
stress

adsorption stress
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Oa
Oa, 1
60,,J_
Ta,|
Ta |
Oce
arf

O Laplace
Upart
Orod
Os
Osf

¢

(batt
Pbo
¢mic
(rbnet
(rbpart
¢strut

Qq
w(o‘)

volumetrically averaged adsorption stress

adsorption stress normal to the pore wall

volumetrically averaged adsorption stress normal to the pore wall
adsorption stress tangential to the pore wall

volumetrically averaged adsorption stress tangential to the pore wall
effective diameter of a carbon atom within graphite

Van der Waals diameter of fluid-fluid interaction

Laplace stress due to curved adsorbate-adsorptive interface

stress on spherical particles within an aero-/xerogel structure
stress on rod-like particles within an aero-/xerogel structure
stress on the nonporous skeleton

Van der Waals diameter of solid-fluid interaction (Steele potential)
porosity

attractive potential of fluid-fluid interaction

carbon burn-off during activation

porosity of a microporous matrix

interparticle porosity of an aero-/xerogel network

intraparticle porosity of an aero-/xerogel network

porosity struts within a hierarchical structured porous silica
grand potential of the adsorbed phase

weighing functions of the fundamental measure theory

DBdB Derjaguin-Broekhoff-de Boer

DFT density functional theory

IAE integral adsorption equation

IUPAC  International Union of Pure and Applied Chemistry
GCMC  grand canonical Monte Carlo

NLDFT nonlocal density functional theory

PSD pore size distribution

SEM scanning electron microscopy
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