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Abstract

Functionalization of Upsalite® by deposition of
aminosilanes from gas phase

Alexander Grahn

The use of desiccant materials is crucial in many applications, such as dehumidification
rotors, in OLED screen and as desiccant materials in dish washers, for example.
Upsalite® is a novel, anhydrous, micro-mesoporous, and large surface area structure
consisting of amorphous magnesium carbonate which has been shown to exhibit a
good water sorption capacity. Depending on the heat treatment of Upsalite® after
synthesis, the material exhibits different sorption capacity and hydrolytic stability.
Calcined Upsalite® has a higher sorption capacity compared to as-synthesized, but
crystallizes into nesquehonite when stored in a relative humidity of 100 % for several
days. The need to stabilize the material arises and the use of two different
aminosilanes as surface stabilizers has been evaluated. Two different deposition
techniques from gas phase have been used, atomic layer deposition and vapor phase
grafting, which are evaluated and compared.

The results of the functionalization show an increase in decomposition temperature
by ~25 °C of the functionalized materials compared to non-functionalized. The initial
water sorption capacity of the functionalized material increases by up to 80 %, when
stored in a relative humidity of 100 % for 24 h and shows a stabilizing effect after five
cycles of repeated exposure to high humidity. The long term stability seems to have
decreased due to pore collapse, when the functionalized material is cycled 5 times for
one week in a repeated relative humidity of 100 %. The stability of the material when
exposed to two liquids of different pH was also evaluated and the functionalized
material exhibits a slower increase of the pH in the buffer solution, implying a
retardation of Upsalite® dissolution. The conclusion is that a functionalization of the
material with aminosilane increases the initial sorption capacity and has a stabilizing
effect.

ISSN: 1401-5773, UPTEC Q 16010
Examinator: Åsa Kassman
Ämnesgranskare: Mats Boman
Handledare: Cecilia Århammar



"Look deep into nature, and then you will understand everything better"

-Albert Einstein
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Funktionalisering av Upsalite R© med
Aminosilanbeläggning från gasfas

Alexander Grahn

Intresset för nanomaterial har länge varit ett hett ämne inom forskningsvärlden, men
börjar även leta sig ut i det vardagliga livet genom produkter såsom solkrämer och
hygienartiklar, men även i högteknologiska produkter som solceller. Ändå anses nano-
materialen bara ligga i startgroparna och spås bli nästa stora tekniska revolution efter
datorerna. Endast fantasin verkar sätta gränser för vad som kan åstadkommas med dessa
material och redan idag har man visat på att tekniken kan bota viss typ av cancer, hjälpa
förlamade att börja gå, samt drastiskt öka effektiviteten inom energisektorn. Allt detta
beror på effekterna som uppstår tack vare storleken hos nanomaterialen vilken ofta ligger
mellan 1 och 100 nanometer på en längdskala. En nanometer är en miljarddels meter, så
smått att det är svårt att föreställa sig. För en snabb jämförelse kan man ta ett hårstrå
från huvudet vilket är cirka 0,1 mm och klyva det 1000 gånger för att då hamna i samma
storleksordning som de större nanomaterialen.

Själva ordet nano kommer från grekiskans ord nanons, vilket betyder dvärg. Dessa
extremt små material har använts sedan romartiden där Lycurgus bägare är ett känt
exempel, även om romarna troligtvis inte visste vad den speciella effekten berodde på.
Bägaren skiftar nämligen i färg beroende på vilket håll ljuset kommer ifrån och effekten
har sitt ursprung i de nanopartiklar av guld och silver som finns inbäddat i glaset. Att
nanomaterialen har sådana speciella egenskaper beror på att deras yta är väldigt stor i
förhållande till volymen, vilket sker när saker blir små. Förutom nanopartiklar finns det
också det motsatta; nanohålrum som i ett material blir en nanoporös struktur. Detta kan
man föreställa sig som en tvättsvamp i pytteliten skala, vilket leder till en stor yta med
mycket hålrum. Ett sådant material är Upsalite R© , vilket upptäcktes 2011 på Ångström-
laboratoriet på avdelningen för Nanoteknologi och Funktionella Material. Det speciella
med Upsalite R© är att det har en väldigt stor ytarea, samtidigt som framställningen sker
med koldioxid som mall för porerna istället för med kemikalier. Det gör att metoden
skulle kunna vara miljövänligare och även billigare.

Ett material med god fuktupptagningsförmåga kan användas i många tillämpningar,
bl.a. i diskmaskiner för att disken ska torka, i fläktsystem på NHL-rinkar för att inte
plexiglaset ska imma igen och i OLED-skärmar så att de inte går sönder av fukt. Detta
är bara exempel på områden där man skulle kunna använda Upsalite R© .

När man efter framställningen av Upsalite R© värmebehandlar materialet ändras absorptions-
förmågan till det bättre men vattenstabiliteten till det sämre. När värmebehandlad
Upsalite R© förvaras i fuktiga miljöer transformeras den porösa strukturen till den
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kristallina formen nesquehonite, vilken inte innehåller porer. Materialet tappar då
sin absorptions-förmåga och gör det obrukbart för sådana tillämpningar. För att detta
inte ska ske kan man belägga materialets yta med ett vattentåligt lager, vilket är
utgångspunkten i denna uppsats. Lagret som beläggs består av molekyler kallade
aminosilaner, vilka har förmågan att skapa ett nätverk som vattnet inte kan tränga
igenom. Denna beläggning kan göras på olika sätt, antingen från vätska där man badar
materialet eller genom att flöda gas igenom det. Den senare metoden har använts här
och har fördelen att en mindre mängd aminosilaner går åt när man gör lagret, vilket är
fördelaktigt vid större produktionsvolymer.

I detta arbete har två olika metoder för att belägga Upsalite R© från gasfas använts och
utvärderats genom att försöka ta reda på hur lagret fastnar och hur det ser ut. Resultaten
har utvärderats i tester för att ta reda på temperatur-, vatten- och pH-stabiliteten hos
det funktionaliserade materialet jämfört med ren Upsalite R© och de visar på en ökad
stabilitet mot vatten, men också en initial ökning i vattenupptagningsförmågan med
upp till 80 %. Temperaturstabiliteten har också ökat, samt stabiliteten i en sur miljö,
men inte långtidsstabiliteten. Detta gör det funktionaliserade materialet användbart
inom områden som kräver hög initial absorptionsförmåga, samt vid kortare, upprepade
vattencyklingar som i fläktsystem eller i förpackningar.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap

Uppsala universitet, juni 2016
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Abbrevations

ALD - Atomic Layer Deposition

APTMS - 3-aminopropyltrimethoxysilane

APTS (APTES) - 3-aminopropyltriethoxysilane

ASAP - Accelerated Surface Area and Porosimetry analysis

ATR - Attenuated Total Reflection

BET - Brunauer-Emmet-Teller

CVD - Chemical Vapor Deposition

DFT - Density Functional Theory

EDS - Energy-Dispersive X-ray Spectroscopy

ESCA - Electron Spectroscopy for Chemical Analysis

FTIR - Fourier Transform Infrared Spectroscopy

ICP-MS - Inductively Coupled Plasma Mass Spectrometry

SEM - Scanning Electron Microscope

SPG - Solution Phase Grafting

SSA - Specific Surface Area

TGA - Thermogravimetric analysis

VPG - Vapor Phase Grafting

XPS - X-ray Photoelectron Spectroscopy

XRD - X-ray Diffraction

Key words: Upsalite R© , aminosilane, APTMS, APTS, ALD, VPG, functionalization,
hydrolytic stability, XPS
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1 | Introduction

Nanomaterials have very unique and special properties, due to the specific effects arising
at a nanoscale. They have been predicted to be able to regenerate tissue [1], improving
the energy concepts and hindering climate change [2], make crack proof surfaces [3]
and extremely efficient catalysts [4]. Today they have already been proven to cure
cancer [2] and helping paralyzed to walk again [2]. This is however just the beginning of
an era and has become a hot topic in the scientific world which have caused the number of
documents published including "nano" to rise exponentially when searching for
publications on Scopus, reaching more than 215,000 published works 2015.

Nano is the prefix for one billionth, meaning thousand of a millionth and derived
from the Greek word for dwarf, nanons [5]. A definition of nanotechnology with some
potential is provided by the Organisation for Economic Co-operation and Development
(OECD);

“Nanotechnology is the set of technologies that enables the manipulation, study or
exploitation of very small (typically less than 100 nanometers) structures and systems.
Nanoscience and nanotechnology advances have the potential to affect virtually every
area of economic activity and aspect of daily life. Nanotechnology contributes to the
development of novel materials, devices and products, the number of products, and the
diversity of nanomaterials and nanosystems, being predicted to increase rapidly in the
coming decade as a result of continuous innovation in many sectors” [6].

As a quick comparison, the size of nanomaterials is in the scale of 1-100 nm [7] and a
human hair around 100,000 nm thick [8].

Nanomaterials have been used by humans for a long time, but mostly without
understanding of them [9]. An early example is the Lycurgus Cup from the 4th century
[9]. The term nanotechnology was first introduced by Torio Taniguchi 1974 in a paper on
ion-sputtering [9], but the boost in the area occurred during the 80’s when the scanning
tunneling microscope and the atomic force microscopy was invented, allowing scientists
to see and manipulate individual atoms [9]. Decades earlier, in 1959 Richard Feynman
gave what has become to be seen as the first lecture on nanotechnology, even if he never
mentioned it by name. The title was; “There’s plenty of room at the bottom”, and there
and then he predicted the need and use of the technology [9], [10].

Some examples of naturally occurring nanoeffects through evolutionary development and
natural selection are the lotus water repellent effect, the geckos’ sticky feet and the
amazing strength of spider web [11]. Natural reactions in our bodies also happens at the
nanoscale, including reactions with our DNA [12] which contains the entire genetic code.
Today, it is possible, as predicted, to synthesize nanomaterial with unique and tailored
properties. Without them our everyday life would not be possible, because almost all
electronic devices which we so rely on are based on the ability to fabricate at a nanoscale

1



with high precision and control. Some of the properties of nanomaterials are related
to the large surface areas existing on a small scale and it is mostly on the surfaces of
materials that reactions occur and therefore the use of nanomaterials has become very
important. The large surface to bulk ratio can be achieved in two ways; either by simply
producing nanoparticles or by the opposite, nanocavities called nanoporous materials.
Nanoporous materials are used in everyday applications such as moisture capturers [13],
different types of catalysts [14] and membranes [15]. This master thesis is based on one
such nanoporous material called Upsalite R© .

Upsalite R© is a novel, anhydrous, micro-mesoporous, and large surface area structure
consisting of amorphous magnesium carbonate, MgCO3 [16]. This material was discovered
2011 at Uppsala University by the department of Nanotechnology and Functional
Materials led by prof. Maria Strømme [16], [17]. It is reported to have the highest
surface area of all alkali earth metal carbonates, which makes it a promising material
for many applications, such as sorption media, as catalyst and for use in pharmaceutical
and biomaterial applications [14]. These areas of use may require the material to be
hydrolytically stable over a long time period.

Depending on the heat treatment of Upsalite R© , the material exhibits different sorption
capacity and hydrolytic stability. Calcined Upsalite R© has a slightly higher sorption
capacity compared to as-synthesized, but crystallizes into nesquehonite when stored in a
relative humidity of 100 % for several days [14], [18]. As-synthesized material has been
shown to maintain its amorphous form even after 11 weeks storage in relative humidity
of 100 % [16], and is assigned to the presence of organic groups on the surface. Stability
against repeated exposure to a high humidity with investigations of the sorption capacity
has not yet been studied in literature, but are critical for many applications such as
desiccant in dishwashers, in dehumidification rotors and in OLED screens.

In order to maintain the large surface area with its advantageous properties, but make it
hydrolytically stable, the need to cover the surface with a hydrolytically stable film arises.
This is called functionalization of the surface and can in broader terms be described as
when certain properties of a bulk material together with them of the deposited layer are
tailored for specific applications. The use of thin films is a common way of achieving
the desired properties without altering the properties of the bulk material and this is the
method used in the master thesis with aminosilanes as surface modifiers.

The goal of this master thesis is to design a method which is able to functionalize
Upsalite R© , by improving its stability when stored repeatedly in a high humidity
atmosphere with desorption between the cycles. Another goal is to achieve an even
surface coverage using vapor phase grafting (VPG) with bound molecules, and
successfully deposit one or more layers of aminosilane using atomic layer deposition
(ALD).
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2 | Background

Surface modification can be made in different ways; either by changing the surface of
the material itself or by depositing molecules with desired properties onto it. The latter
approach is used here with a certain silane as surface modifier.

The structure of a typical silane is shown in Figure 2.1 and contains a silicon atom bound
to one or more hydrolysable groups (denoted with R), typically alkoxy, acyloxy, halogen
or amine groups [19]. After hydrolysis a reactive silanol (Si-OH) group is formed which
is able to bind to a surface or another silanol group, thereby possibly creating a network
of molecules attached to the surface. The silicon atom also binds to a carbon chain with
varying length which links the silicon atom to the functional group (Z) which provides
the silane molecule with its unique properties.

Figure 2.1: The structure of a silane with three hydrolysable groups denoted with R:s, a carbon
chain linker and the functional group with denoted with Z.

Different types of silanes are used as surface modifiers to functionalize the surfaces
of materials, giving them specific properties such as hydrolytic stability or improved
adhesion [19]. The advantages with silanes as surface modifiers is that stable bonds
can form between organic and inorganic materials, as well as the fact that different
functional groups are attached to the silanes, resulting in a variety of possible properties
[19]. One commonly used functional group and the one used in this thesis is the amine
group, due its bifunctional nature. −NH2 groups are nucleophilic in aminosilanes and
can for example be used to improve adhesion in glass-resin composites [20], [21]. The
−NH+

3 groups that also can form may be used to promote attachment of negative species
such as DNA and nanoparticles in aqueous media of low to medium pH [20]. Studies
of how the amine groups improve the sorption capacity when attached to nanoporous
materials, such as heavy metal ion sorption capacity in water [22], [23], or carbon dioxide
uptake [24] have been made. Many application areas require the deposited layer to be
hydrolytically stable to ensure proper functionality over time. Several studies on the water
stability of aminosilane layers have been done [20], [25], [26] and motivates the use of the
aminosilanes in this master thesis for that purpose as well as the variety of other areas
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in which the amine group is desirable and the functionalized material possibly adapted
to.

The aminosilanes used in this thesis are aminopropyltrimethoxysilane (APTMS) and
aminopropylethoxysilane (APTS) shown in Figure 2.2, which both have three
hydrolysable groups making it possible to oligomerize as well as bind to the surface.
The hypothesis is that this could create a denser layer, i.e. hydrolytically stable due to
steric hindrance, compared to if only one hydrolysable group existed on the amniosilanes
and could bind to the surface. That would leave room for water to penetrate a sparser
layer and affect the material. The figure also display a possible five-membered cyclic
bond arrangement, that in presence of water could lead to intra-molecular hydrolysis of
the Si-O bond by nucleophilic attack from the amine group according to both Smith and
Chen [26] and Zhu et al. [20]. They also described how the amine group inter-molecular
could hydrolyze the Si-O bonds of neighbor molecules resulting in loss of molecule
density.

Figure 2.2: The structure of different aminosilanes and their possible cyclic bonding modes.

Vapor Phase Grafting is a kind of thermally activated, almost atmospheric pressure
chemical vapor deposition where the precursor molecules are allowed to react at elevated
temperatures at almost atmospheric pressure. In this thesis we have altered the setup
used by Sripathi et al. [27], to obtain a more efficient and controllable growth of the
aminosilane layer. They compared the vapor phase grafting (VPG) to solution phase
grafting (SPG), where also the presence of water in the reaction was studied. The
reduction in pore size distribution (PSD) was ∼0.2 nm. An aminosilane is about 8 Å
in height when stretched, but can fold and become smaller. The pore size distribution
should decrease about twice of the length of an aminosilane when a complete monolayer
is grafted. The SPG experiment they performed showed a decrease in PSD by ∼1.3 nm
and a larger effect in the sorption isotherm, especially when water was introduced into
the system. They assigned the different behavior to oligomerization of aminosilanes in
the liquid phase, thereby causing pore blocking of smaller pores, which is in accordance
with the results by Ritter et al. [28].

The reason to oligomerization if water is present during the grafting is hydrolysis of the
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three side groups attached to the silicon which via condensation reactions are able to form
a network in the liquid or in the vapor phase. The use of VPG decreases the amount of
solvent in the process, thereby making it favorable both economically and environmentally
if implemented industrially, especially when producing large scale batches [28].

A comparison of different types of aminosilanes’ ability to functionalize silica, by inves-
tigating the hydrolytic stability has been done by Zhu et al. [20]. They used five func-
tional silanes: 3-aminopropyltriethoxysilane (APTES), 3-aminopropyltrimethoxysilane
(APTMS), N-(2aminoethyl)-3-aminopropyltriethoxysilane (AEAPTES), N-(2-aminoethyl)-
3-aminopropyltrimethoxysilane (AEAPTMS), and N-(6-aminohexyl) aminomethyltri-
ethoxysilane (AHAMTES) which where categorized into three different groups based
on the intramolecular coordinating ability of the amine functional group to the silicon
atom center. They found that AEAPTES was the best candidate for depositing hy-
drolytically stable films from the vapor phase and was believed to happen due to steric
hindrance from bulky side groups, which is in accordance with Zhang et al. [25]. Zhu
et al. suggested that exposure of the grafted layer to water promotes crosslinking of the
polymers, creating a network. Smith and Chen have examined the hydrolytic stability of
AHAMTES among others and suggest that the stability of the one monolayer is due to
the incapability of inter- and intra-molecular amine catalysis depending on the length of
the carbon chain [26]. A longer carbon chain than a propyl-chain would be preferred for
increased hydrolytic stability. These results justify the use of VPG as a chosen deposition
method in this master thesis, but due to limitations only the APTS and the APTMS
were examined.

Atomic layer deposition is another surface deposition technique used in this master thesis
to functionalize the surface. The technique has been tested with aminosilanes in a number
of studies [28], [29], [30], [31]. The method offers excellent step coverage and uniformity
even at high aspect ratios [32], [33], due to the self-limiting nature of the surface reactions
and is therefore a highly interesting deposition technique for micro-mesoporous materials.
It has the same benefits as VPG compared to SPG but an even higher control and thus
an even greater potential than VPG in achieving homogeneously and dense films. The
disadvantage is that the method is rather expensive, requiring a dedicated setup.

The quality of the deposited layers depends mainly on three things; the temperature, the
surface and the reactants [33, p. 35]. The precursor temperature decides the pressure
of the gas; here aminosilane and the reaction temperature contribute with energy to
the aminosilane, increasing the molecular mobility on the surface. The most common
temperature used in literature when depositing aminosilanes is 150 ◦C which is described
to be enough for the self-limiting assemblage of the surface [28], [29], [30]. A higher
temperature is reported to promote the reaction of unwanted Si-N bonds [28], decreasing
the functionality of the surface, due to non-covalently bonding as shown in Figure 2.3
and leading to poor film quality.

The substrate for depositing is amorphous magnesium carbonate, i.e. Upsalite R© , which in
as-synthesized form contains remainders in form of methanol from the process, described
by Forsgren et al. [16] as well as hydrocarbon contamination. When depositing or
grafting, a clean surface with free substrate adsorption surface sites are needed, therefore
the Upsalite R© is calcined prior to functionalizing, removing the surface contamination and
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Figure 2.3: Different possible binding modes of APTS to a surface. a) A covalently bonded
molecule with one bond. b) A covalently bonded APTS, but with the functional group interacting
with a surface adsorption site. c) - d) Weakly bonded APTS molecules.

residual methanol. As described in surfaces on page 23 it takes 2.6 s in the worst case to
absorb a monolayer of contamination on a well-defined clean surface even at a vacuum
pressure of 10−6 Torr [34], making surface cleaning directly prior to deposition important.
Different batches of large pore Upsalite R© have been used during the thesis and were
named after the ski-resort Champoluc in Italy and numbered in chronological order, but
are referred to as Batch 1, 2 and 3. Different batches have been used due to the relative big
amount needed for the experiments. Large pore Upsalite R© has a pore distribution around
10 nm compared to the so called "normal" which has a pore size distribution around 5
nm [14]. The calcination process is described further in Experimental section.

In conclusion, the aminosilanes are used as functional molecules because of the bifunctional
nature of the amine group and their ability to form a dense network. The molecules
can also work as a linker between the surface and another functional molecule if it is
desired to functionalize the material with other properties.
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3 | Experimental

The functionalization of the Upsalite R© has been done in accordance with the aim, i.e.
from gas phase with ALD and VPG and is described below. Characterization of the
materials has been done with the methods presented in Characterization Techniques
section. Porous magnesium carbonate, i.e. Upsalite R© has been synthesized and is briefly
described here together with the experimental procedures for VPG and ALD.

3.1 Upsalite R©

Three batches are used in this master thesis referred to as Batch 1, Batch 2 and Batch 3,
which all are large pored Upsalite R© and characterized in Results and Discussion. The
synthesis of the Upsalite R© used is done by stirring magnesium oxide and methanol under
a carbon dioxide atmosphere of 4 bar for a chosen amount of time. The liquid is poured
into a container which is cooled in an ice bath while manually stirring it. The cooling of
the liquid leads to a delay in evaporation of carbon dioxide and thereby increases the final
materials pore size. The stirring is done to achieve an even material which dries almost
simultaneously and solidifies to a gel, before collapsing into the white powder known as
Upsalite R© .

A calcination process has been performed with in house knowledge and follows a procedure
suitable for large pore sized Upsalite R© . The calcination process is done by increasing the
temperature in steps to remove any remaining organic matter after synthetization. The
removal of these surface groups has previously been studied by Frykstrand et al. [14].
The Upsalite R© used in this master thesis is referred to as-synthesized Upsalite R© prior
calcination, while after calcination it is referred to as calcined Upsalite R© .

3.2 Vapor Phase Grafting

The first set of experiments was performed with the same setup used previously by
Hultberg’s [35] and similar to Sripathi’s [27]. Two triple necked round bottom flasks
are put in separate silicon oil baths, which act as heat transfer media from the two hot
plates controlled by thermometers. Silicon oil is used due to grafting temperatures above
100 ◦C due to its non-flammable properties [36]. The aminosilane is put in one of the
flasks and Upsalite R© in the other, in order to separate them and avoid SPG. A heat
isolated glass tube connects the two flasks as shown in Figure 3.1 allowing the gas to
flow to the Upsalite R© and thereby grafting it. A vent and plugs are connected to the
triple necked round bottom flasks to close the system and all connections are sealed with
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silicon fat and held in place with plastic braces to maintain under pressure. The system
is connected to a low vacuum pump which evacuates the system prior experiment for a
chosen amount of time. The digital thermometers that are connected to the hot plates
can control the temperature of each flask with a precision of ± 10 ◦C.

The new setup used in Figure 3.2 is a desiccator where a POCATM-cup, see Figures 3.3
and 3.4 containing a chosen amount of substrate sample is placed on a perforated ceramic
holder. POCATM-cups are containers tailored for powder samples, where the powder lies
on a semi-permeable membrane, where gas can flow through, but not the powder. The
aminosilane is dispensed at the bottom of the desiccator and vaporized by the heat of a
hot plate with silicon oil as heat transfer media. Silicon fat was used to help maintain
pressure inside the desiccator after evacuating it with a low vacuum pump. The two
setups are compared in Figure 3.1 and 3.2.

Figure 3.1: The first setup used, based on
the work of Hultberg [35] and Sripathi et
al. [27]. The Round bottom flask to the left
contains the aminosilane and the right one
the Upsalite R© .

Figure 3.2: The latter setup used,
which consist of a desiccator containing a
POCATM-cup with the substrate within.
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Figure 3.3: Two POCATM-
cups, a smaller within the larger.
If lesser amount of powder is
used, the smaller can be turned
upside down.

Figure 3.4: Two POCATM-cups with the
filters seen from below.

A summary of all the VPG experiments are presented in 3.1 with the corresponding
tested precursor molecule.

Table 3.1: The VPG experiments with the different parameters.

Temperature [◦C]

Time [h]

80 110 130 150
1 APTS APTS APTS
5 APTMS/APTS
24 APTMS APTMS
72 APTMS/APTS APTS

3.3 Atomic Layer Deposition

The use of ALD has the advantage that subsequent pulses of different precursors can be
used, giving the operator freedom to control the number and length of the pulses as well
as the order of them. The hypothesis is that during deposition the pores are filling up
with chemisorbed aminosilane forming a monolayer and with physisorbed layers on top of
it creating a multilayered film. To remove the physisorbed layers, a subsequent nitrogen
purge is inserted after each precursor cycle, as shown in Figure 3.8.

A sort of pre-treatment is done and consists of slowly heating the substrate for the amount
of time it takes for the chamber to reach and stabilize at the reaction temperature 150 ◦C.
It is assumed to be enough to desorb most of the surface contamination. A standard
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heat-treatment at 150 ◦C under vacuum is done after completion of the deposition cycle
to remove physisorbed molecules. The water and ethanol precursors used are at room
temperature which is sufficient to vaporize them at the pressures of around 10-30 hPa
used. The ALD reactor used is a Picosun SUNALETM ALD TOOL seen in Figure 3.5
and 3.6.

Figure 3.5: The ALD instrument used
during the thesis.

Figure 3.6: The inside of the ALD show-
ing three precursor bottles. Two of them
were used, containing APTMS and wa-
ter/ethanol.

The different ALD deposition cycles have received names shown in Table 3.2, and are
presented in chronological order. The amounts used are calculated by weighing the bottles
prior and after deposition. The full description of the experiments with the associated
pulses is found in Appendix A. The S at the beginning of the name means that a shorter
pulse length has been used while the L means that a longer pulse lengths were used. The
letter W or E in the end of the name indicates the use of water or ethanol as the initial
pulse respectively. The same number means that the deposition cycles belongs together,
for example L2 means longer pulses with intermediate water pulses and L2W the same,
but also with a water pulse as the initial pulse. A schematic sketch of how a pulsing cycle
can look like is presented in Figure 3.8 and a graphical description of the pulses in Figure
3.7. Number 2 means that water are used as hydrolyzing agent, 4 that ethanol was used
and 5 was without hydrolyzing agent.
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Figure 3.7: Schematic sketch of the different combination of pulses.

Figure 3.8: Schematic sketch of how the pulse sequence can look like. (A) is for example the
APTMS pulse, (B) the water/ethanol and (C) the nitrogen purge pulse.

Experiment names and amounts of APTMS and water/ethanol are presented in Table
3.2.
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Table 3.2: The names of the different deposition cycles used in this thesis. The batch used,
the amount of APTMS and water or ethanol in a complete deposition cycle is also presented.
The batches are calcined prior to deposition. * As-synthesized Upsalite R© .

Name Substrate APTMS [g] Water/Ethanol [g]
A1 Batch 1 60.1 0
T1 Batch 1 34.2 5.2
S2 Batch 1 4.2 0
A2 Batch 2 0 2.5
S2W Batch 2 1.2 0.1
T1W Batch 2 4.7 0.4
S3 Batch 3 0.7 0
L1 Batch 3 3.2 0
L2 Batch 3 8.3 0
L2W Batch 3 11.7 0.1
L2C1 Batch 1 * 27.4 0.1
S4 Batch 3 0.8 0.4
S4E Batch 3 0.6 0.3
L4 Batch 2 15.1 0.5
L4E Batch 2 4.8 0.8
L5 Batch 2 1.4 0
S5 Batch 2 0.1 0

3.4 Stability Tests

Humidity Cycling Tests

Water stability tests have been performed on different samples of Upsalite R© functionalized
by both VPG and ALD. Prior to storing in humid atmosphere, the samples were dried
in an oven at 70 ◦C. The first cycling test was conducted by storing the samples in a
desiccator with a relative humidity of 100 % and then drying them at 70 ◦C for 24 h in
between the storing cycles. Reference samples as well as an empty cup were also weighed
to remove the factor of adsorption on the cup, thereby assuming the equal amount of water
adsorbed onto them. The samples were weighted as quickly as possible after removal from
the oven or the desiccator to acquire a more reliable result, due to adsorption of humidity
in atmosphere. The weight percent adsorbed water was calculated.

pH stability

The functionalized S2 has been compared to calcined Upsalite R© batch 1 in different pH
environments to investigate how it affects the stability. The experiment was performed in
beakers with 25 ± 5 mL liquid and 50.20 ± 0.15 mg sample. The liquids were standard
pH buffers with initial pH values at 4.01 and 7.00.
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4 | Characterization Techniques

Different characterization techniques have been used to characterize the surface and
investigate how the aminosilanes bind to the surface. A brief description of them is
presented in this section together with some theory.

4.1 Sorption Isotherms

Accelerated surface area and porosimetry (ASAP) analyzes the nitrogen sorption isotherm
to give information about the pore size distribution and surface area according to different
proposed isotherms. A brief derivation of the description of monolayer and multilayer
formation are given here since the models presented in Result and Discussion are based
on it. The surface coverage is denoted:

θ = NS

N
= m

m∞
= V

V∞
(4.1)

N is the total number of substrate adsorption sites and NS is equal to the number of
surface sites occupied by adsorbate. m and V corresponds to the mass or volume gas
adsorbed andm∞ and V∞ to the mass respectively the volume gas adsorbed corresponding
to all sites being occupied in a monolayer. When θ equals one, a complete monolayer is
formed. When the surface occupied by adsorbate molecules is in equilibrium with the gas
phase at a specific temperature the coverage depends on the pressure and follows Henry’s
law (P = constant× θ) at sufficiently low pressures [34]. The dependence between P and
θ is called an adsorption isotherm. In equilibrium the adsorption and desorption rate are
equal and described by:

rate of adsorption = kaP (1 − θ) (4.2)

rate of desorption = kdθ (4.3)

where ka and kd are rate constants and P is the pressure. Putting these equal gives the
Langmuir pressure isotherm which was proposed by Irving Langmuir in 1918.

θ = KP

1 +KP

(
K = ka

kd

)
(4.4)
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It is based on four assumptions [34].

(i) The solid is uniform and contains a number of equivalent sites each of which may
be occupied by only one molecule of adsorbate.

(ii) A dynamic equilibrium exists between the gas (at pressure, P) and the adsorbed
layer at constant temperature.

(iii) Adsorbate molecules from the gas phase are continually colliding with the surface.
If they impact a vacant adsorption site, they form a bond with the surface and
stick. If they strike a filled site, they are reflected back into the gas phase.

(iv) Once adsorbed, the molecules are localized and the enthalpy of adsorption per site
remains constant irrespective of coverage.

Another isotherm is the one later proposed by Brunauer, Emmet and Teller (BET
isotherm) in 1938 [37], which is based on similar assumption, but allows formation of
multilayers [34]. The BET isotherm is commonly used in the literature and based on the
following four assumptions [34]:

(i) Adsorption of the first adsorbate layer is assumed to take place on an array of
surface sites of uniform energy.

(ii) Second layer adsorption can only take place on top of the first, third on top of
second, fourth on top of third, etc. When the saturated pressure of the adsorbate
molecules is equal to the total pressure of the gas phase, an infinite number of layers
will form.

(iii) At equilibrium, the rates of condensation and evaporation are the same for each
individual layer.

(iv) For the first adsorbed layer, the enthalpy of adsorption is as in the Langmuir case.
Assume that, when the number of adsorbed layers are greater than or equal to two,
the thermodynamic equilibrium constants K0 for adsorption and desorption of a
molecule on a surface site are equal. The enthalpy of adsorption and vaporization
are also equal ∆H0

AD = −∆Hn
V AP . Summation of the amount adsorbed in all layers

then gives the BET equation, which expressed in linear form is:

P

NS(P0 − P ) = 1
NC

+ (C − 1)
NC

× P

P0
(4.5)

C ≈ e(∆H1
AD−∆Hn

AD)/RT (4.6)

Where ∆H1
AD is equal to the enthalpy of adsorption in the first layer and ∆Hn

AD in the
second a higher layers which are equal to the heat of liquefaction. C is the so called BET
constant, R is the ideal gas constant and T is the temperature.

The BET equation can be rewritten in terms of volumes (at constant pressure) or masses.
When plotting them, the surface area can be derived as described in
Surfaces [34, p. 8] from the linear part of the isotherm occurring between the relative
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pressures 0.05 < P
P0
< 0.3. At relative pressures under 0.05 the isotherm underestimates

the adsorption and above 0.3 it overestimates the adsorption and are therefore not used
in the calculations. A typical isotherm, type IV is presented in Figure 4.1.
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Figure 4.1: The isotherm for a typical sample in this thesis. The adsorption branch is linear
between the relative pressures 0.05 and 0.3 and a point at 0.15 is used by the software to calculate
the BET surface area.

Different types of isotherms describe the surfaces and eventual pore size distributions of
materials. There are three different pore types existing according to IUPAC’s definition
[38], macropores (>50 nm), mesopores (2-50 nm) and micropores (<2 nm), and large pore
Upsalite R© qualifies in the mesoporous region. Five different isotherms where proposed
by Brunauer, Deming, Deming and Teller (BDDT) 1940 as seen in Figure 4.2 which
classifies different categories of surfaces (I-V) [37]. Class VI was later included in the
classification.

The shape of isotherm I may either be interpreted as a Langmuir behavior or filling of
micropores within the material [34]. Isotherm type II may be interpreted as monolayer-
multilayer formation on heterogeneous surfaces or filling of macropores of powder [34].
The isotherm type III indicates weak interactions between the adsorbate and the surface,
as well as type V, but type V is also present when capillary condensation occurs [34],
[39]. Isotherm type IV with hysteresis behavior indicates monolayer-multilayer formation
and capillary condensation in pores [39]. Type VI corresponds to stepwise formation of
multilayer on non-porous and non-uniform surfaces [39]. The shape of the hysteresis tells
something about the pore size distribution and a wider distribution gives a less sharp
pore condensation step, which is similar to the ones described by Trunschke [39]. The
form could also indicate percolation, which means open pores.

To calculate the pore size, density functional theory (DFT) is used. DFT is a method
based on quantum mechanics and has been refined several times during the decades [40].
The model requires some knowledge of the pore shape, in order to receive accurate results.
The equipment used is an ASAP 2020 from Micromeritics with the MicroActive Version
2.01 software.
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Figure 4.2: The six different BDDT isotherms, described in Surfaces [34]

4.2 SEM-EDS

The scanning electron microscope is a powerful tool to visualize the surface of a material
and was invented by Manfred von Ardenne 1937 in Berlin [41]. With a large depth of
focus and with an EDS detector installed it is able to analyze the surface visually and
the content of a material simultaneously with energy dispersive x-ray analysis. Therefore
it is one of the most used types of electron microscopes [42]. Different type of detectors
can be used and provide an intuitive picture of the material. When using secondary
electrons the topography of the surface is clear, while the in-lens detector gives higher
resolution [42, p. 43]. In this work a LEO1150 from Zeiss with EDS detector with the
AZtec software has been used.

The EDS analyses the material by irradiating the sample with electrons, causing x-rays
from the material to emit. The electrons hitting the material causes inner shell electrons
to emit and an electron from an outer shell relaxes and fills the empty space by losing
energy simultaneously causing a x-ray to emit with a characteristic wavelength. EDS is
used to reveal the composition of the examined material and can detect elements from
boron to uranium [42]. The activation volume of porous materials can be bigger, therefore
quantitative analysis are done.

4.3 FTIR and RAMAN

Infrared spectroscopy is an analyzing technique based on materials ability to absorb
light at different wavelengths. The FTIR instrument emits light of different wave-
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lengths in the infrared region, exciting different molecule vibrational modes in the sample
examined. The transmitted light is converted through a Fourier transform and gives a
spectrum of the intensity versus the wavenumber or frequency, which gives different peaks
corresponding to vibrations of a certain molecule [43]. The use of IR analysis is a quick,
straightforward way of detecting different chemical groups in the sample.

The samples analyzed were grinded and pressed into pellets of potassium bromide (KBr)
which becomes transparent via a pressure induced phase transition [44]. The instrument
used to analyze the infrared spectra was a Tensor 27 from Bruker in which the pellets fit
in a special holder. The amount of sample in each pellet was 3 mg mixed and grinded with
200 mg KBr and then pressed with a force corresponding to 8 ton. Too fine or too coarse
powder will result in dispersion losses causing a raised baseline right of the spectrum [44],
which can be corrected for in the software (OPUS 7.0.129). The potassium bromide is
hygroscopic and therefore stored in a desiccator to avoid moisture uptake. Trace water is
still always present in the pellets, due to the time in air when grinding and pressing the
pellets, resulting in a weak OH band around 3450 cm-1 [44]. This can be avoided by using
pure KBr pellets as reference and subtracting the sample spectra from the reference or
by looking at the differences. Pressing pellets often result in an increase in the number of
observed bands compared to when measuring from solution[45], and the bands can also
differ in position depending on the intermolecular interaction which is especially true for
functional groups that can form hydrogen bonds [44]. Therefore appropriate references
must be used.

Attenuated total reflection is another measuring technique that can be used with FTIR.
It is a technique that measures the change that occurs in a totally internally reflected
infrared beam as it comes in contact with a sample. The infrared beam is directed onto a
crystal with high refractive index at a certain angle and when a sample is in contact with
the surface an evanescent wave extends into the sample and the wave will be attenuated
or altered. This change in energy is then analyzed [46]. The tool used is a Platinum ATR
accessory from Bruker.

RAMAN is another method also based on exciting molecular vibrational and rotational
modes and was discovered 1928 by sir Venkata Raman [47]. The difference compared
to IR is that RAMAN spectroscopy irradiates the sample with monochromatic light and
measures the scattered light. Light with unaltered energy is called Rayleigh scattering
and is the most intense, but usually filtered away because it lacks information. Scattered
light with shifted energy is called RAMAN scattering and is divided into a Stoke-shift
and an Anti-Stoke-shift. The IR and RAMAN are complementary methods since different
selection rules govern them. To be IR active the associated dipole moment must vary
during a vibrational cycle and if being RAMAN active a change in polarizability must be
involved [43]. The instrument used is a Reinshaw inVia Raman Microscope, operated at
×20 magnification and with a 785 nm laser.

When acquiring the RAMAN spectra a Boson Peak is present at low wavenumbers and
is due to the amorphous phase of the Upsalite R© . It arises from collective vibrations,
but without a specific resonance due to the bonding distribution which follows the Bose-
Einstein statistic and has been examined in a number of articles [48], [49]. References of
some IR and RAMAN frequencies are presented in Table 4.1.
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Table 4.1: The vibrations present in the result are referred to this table.

Vibration Wavenumber [cm−1] Reference
IR RAMAN IR RAMAN

Aminosilane
SiOR stretching of trialkoxy group 1080-1100, 1190, 2840 614, 645 [50] [51]
Si− EtOH, unhydrolyzed 960, 1390 [51]
Propyl group 1005-1010 [51]
Si-O-Si, asymmetric stretching 1050-1200 [51]
Si-O-Si 1035, 1135 [52]
Si-OH, vibration 930, 3200-3400, 3690 [50], [51]

SiOCH2CH3
940-970, 1075,
1100, 1160-1170 [50]

SiOCH3 1080-1100, 1190, 2840 [50]
NH2, bending 1595 [50]
NH2, asymmetric, symmetric stretch 3290, 3370 [50]
NH+

3 , asymmetric bending 1625 [53]
NH+

3 , asymmetric, symmetric deformation 1610, 1505 [52]
CH2, stretching 2868, 2886, 2915, 2939 [53]
CH2, bending 1448, 1472 [53]
CH3, symmetric stretch 2862-2893 [30]
Organic groups In-plane:
CH3, symmetric stretch 2916 2918 [54] [54]
CH3, asymmetric deformation 1444 1445 [54] [54]
CH3, symmetric deformation 1375 1380 [54] [54]
CH3, in-plane-rock 1075 1080 [54] [54]
Organic groups Out-of-plane:
CH3, asymmetric stretch 2982 2976 [54] [54]
CH3, rock 1146 1149 [54] [54]
CH3, bend 297 300 [54] [54]
CH3, torsion 173 [54]
Water
Hydrogen bonded O-H group 3200-3600 [55]
H-O-H, bending 1639 [56]
Carbonate
CO2−

3 , antisymmetric
stretching vibration 1420-1480, 1505 [57], [58]

C-O symmetric stretching
on carbonate 1097 1063 [58] [59]

Carbonate asymmetric stretch 1420 [58]
In-plane deformation/
rocking of carbonate 680 680 [59] [59]

CO3 out-of-plane
deformation 857 [58]

4.4 ESCA (XPS)

XPS, or ESCA as it is called in Uppsala where it was invented by Kai Siegbahn [60],
is used to analyze the chemical composition of a material. ESCA is a good method to
characterize which atomic bonds that is present due to its ability to detect chemical shifts
from the emitted photoelectrons. It is also surface sensitive due to the electron emission
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and therefore the top layers that may have been contaminated are often removed by
sputtering. The sputtering may however damage the structure of delicate materials,
giving misleading results. A x-ray source irradiates the sample with x-rays which causes
photoelectrons from the material to emit and an electric field accelerates them into the
detector where their energies are analyzed and giving information about the bonding
state by plotting the intensity against the binding energy. The binding energy can be
calculated from Equation (4.7), where Φ is the work function, Ephoton the energy of the
incident photons and Ekinetic the energy of the emitted photoelectrons.

Ebinding = Ephoton − (Ekinetic + Φ) (4.7)

Auger electrons can also be emitted instead of x-rays when outer shell electrons lose their
energy by jumping to a lower state, and gives information of the binding state independent
of the x-ray source when plotting against a kinetic energy scale. The instrument used
was a Physical Electronics Quantum 2000 Scanning ESCA microprobe instrument with
Al Kα radiation and a take-off angle of 45 ◦. The beam spot was 150 micrometer in
diameter and the effect 37.5 W. The instrument was continuously calibrated against Cu,
Ag and Au, as well as against an indium foil (99.999 % from Goodfellow). The metal
was sputtered in ultra-high vacuum at 4 kV for 2 min. Three different foils were used
at different times and the values in Table 5.9 are corrected against the corresponding
foil.

Prior to analysis, the samples were sputter cleaned to remove surface adsorbed
contaminations, by using argon ions for 10 min at 200 V. During the acquisition,
an electron beam of 20 mA was used together with argon ions to neutralize the non-
conducting sample. The peak fittings were made with CasaXPS software, the curves were
fitted using Gaussian-Lorentzian functions and the background was subtracted using a
Shirley function. The analysis was performed by Cecilia Århammar.

4.5 TGA

Thermogravimetric analysis records the change of a sample mass under controlled
heating and gives information about bonding strength and decomposition temperature.
Prior to analysis the heat ramping time, i.e. how fast the temperature increases, the
atmospheric composition and the start and stop temperatures were chosen by the
operator to fit the analyze that were to be made. The atmosphere plays a significant role
in the decomposition temperature as described by West in the case of calcium carbonate
[43, p. 203-204]. The instrument used for analysis was a Mettler Toledo TGA/DSC 3+
with STARe software.
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4.6 XRD

X-ray diffraction provides information about possible crystalline phases and lattice
information, using x-rays which diffracts onto crystal planes. Crystalline materials have
specific lattice parameters and when the x-rays diffract onto the different crystallographic
planes specific peaks arise. From this data specific lattice parameters, unique lattice
positions and symmetries can be determined. When examining an amorphous material
in XRD a x-ray amorphous peak can be seen, as the one measured on the samples S2
and L2 in Figure 9.6 and 9.5. The samples were prior to analyze grinded with ethanol
and dispersed onto Si-Al disks, then dried. The instrument used was a D8 Advance
Twin/Twin from Bruker with CuKα radiation, operated at 40 kV and 40 mA. The
diffracted pattern was measured with θ/2θ from 10 ◦ to 80 ◦.

4.7 ICP

Inductively Coupled Plasma vaporizes the sample and turns it into plasma often using
a RF-coil. The samples can then be separated by a quadrupole which is mass/charge
selective or identified by atomic emission spectroscopy. The advantage is that very small
concentrations can be measured, down to part per quadrillion (ppq, 1015). The analysis
was done by Jean Pettersson at BMC, Uppsala.
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5 | Result and Discussion

In this thesis two empirical models of the aminosilane surface coverage has been developed
here to estimate the molar content aminosilane corresponding to formation of a monolayer
or multilayers. The model together with the different characterization techniques have
been used to investigate the amount aminosilane adsorbed onto the surface and which
type of bonds that form. The calculations are based on the data obtained from the ASAP
analysis, which is presented in Appendix E. The functionality, i.e. the water stability has
been evaluated in a number of tests.

5.1 Model of Monolayer Coverage

These two models presented below were based on either a material with slit shaped
pores or a material with cylindrical pores and Figures 5.1 and 5.2 show SEM pictures of
pores within the Upsalite R© . The models overestimate the surface coverage, because they
assume a too dense layer with evenly packed molecules, but can even so be useful as an
indicator of how dense the deposited layer is or if multilayers have formed. The atomic
fraction of Si/Mg has been measured in EDS and since there is one silicon atom in each
aminosilane and one magnesium atom in each unit of Upsalite R© , it corresponds to the
mole fraction of aminosilane/Upsalite R© .

Figure 5.1: Picture of Upsalite R© after
functionalization with ALD, L4E. The pic-
ture is captured with 10 keV acceleration
voltage and in-lens detector.

Figure 5.2: Picture of batch 1 captured
with 1 keV and in-lens detector.
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5.1.1 Slit Shaped Pores

The calculations are based on the ones presented by Attard and Barnes [34, p. 4]
where they assume a flat, ordered surface. This would correspond to slit shaped pores,
here assumed to be open with only two opposite walls. SA is the surface area of the
substrate material, N the total number of sites corresponding to a monolayer and Am
the area of one molecule, here APTMS. The area of one APTMS molecule has been
calculated by assuming straight bonds between two opposite alkoxy groups seen from the
silicon atom and the bond lengths obtained from SI-data have been summed up [55, p.
124]. One extra hydrogen-hydrogen bond length has been added to the length to create
some space between the deposited molecules, and the area has been calculated assuming
that the molecule rotates around the third alkoxy group bound to the surface. The
case can however be that multiple alkoxy group form silanol which binds to the surface,
making it possible to pack denser, or that the amine group electrostatic binds to a surface
hydroxyl group as shown in Figure 2.3 b) or d), making the layer more sparse. Lateral
interactions between the adsorbed molecules are also neglected in the model. The number
of reactive sites, or number of APTMS molecules in a monolayer can be calculated from
Equation (5.1) if assuming a uniform surface with equivalent adsorption sites, which is a
simplification.

SA = N × Am (5.1)

The number of moles corresponding to a monolayer can be calculated by Equation
(5.2)

nm = N

NA

(5.2)

where NA is Avogadro’s number. The mole fraction of a monolayer APTMS on Upsalite R©

can then be calculated by using the molar mass of Upsalite R© (84.313 g/mol) when knowing
the mass and the calculated number of moles APTMS. The molar mass is assumed to have
the same smallest unit as magnesite which is an approximation. This can be compared
to the number of atomic percent silicon found in the sample.

mole fraction = nm
nUpsalite R© + nm

(5.3)

The pore widths (d) before and after deposition are calculated from the nitrogen sorption
analysis and can be used to calculate the number of atomic layers by Equation (5.4) if the
height of an aminosilane molecule is known. The calculated height (h) is 8.0 Å assuming
a bending angle between the carbon atoms and the carbon-nitrogen-hydrogen angle of
109◦.

number of monolayers = dbefore − dafter
2h (5.4)
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An estimation of the decrease in pore volume can also be made if assuming a uniform
slit shaped pore and is done in Equation (5.5), where k is a constant dependent on the
width-depth ratio of the pores.

∆V = k × (d2
before − d2

after) (5.5)

5.1.2 Cylindrical Pores

Another model based on cylindrical pores has been made. The molar fraction is
calculated in a similar manner as above, but using the experimental values of the
densities and volumes. The change in pore width assuming cylindrical pores has also
been made to compare against the former model. The idea of cylindrical pores comes
from the evaporation of the carbon dioxide, assuming it evaporates from inside the
material creating cylindrical cavities as it evaporates. This model includes more ex-
perimental parameters which requires knowledge about Upsalite R© which are given here:
ρAS = 1.027 g cm−3, Vpore/g = 0.985 cm3g−1, ρUpsalite R© = 0.6 g cm−3, ρMgCO3 = 2.5 g cm−3

where the density of MgCO3 is the crystalline, polymorph magnesite, while Upsalite R©

is in its amorphous porous form. This estimation of Upsalite R© density is the most
approximate in the model for cylindrical pores.

The volume of Upsalite R© can be calculated by Equation (5.6) if assuming a mass, here
1 g - 1.5 g as used in the experiments.

VUpsalite R© = Vtot − Vpore =
mUpsalite R©

ρUpsalite R©
(5.6)

The surface area is known from the BET measurements and assuming a cylindrical pore
the height can be calculated from the mantle area of the cylinder when it is equal to the
measured surface area as in Equation (5.7), where D is the diameter.

h = SA
πD

(5.7)

From there the equation for the calculated volume of aminosilane in Equation (5.8) can
be used together with the mole fraction from Equation (5.9) to calculate the diameter of
the deposited layer according to Equation (5.10).

VAS = πh

4 (Dd− d2) (5.8)

VAS = nAS
nUpsalite R©

·
mUpsalite R©

ρAS
· MAS

MUpsalite R©
(5.9)

d = D

2 ±
√(

D

2

)2
− 4VAS

πh
(5.10)
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To calculate the difference in pore width the equation can be simplified to:

∆d = D − 2d = ∓2
√(

D

2

)2
− 4VAS

πh
(5.11)

The positive solution is the physical correct one since the covered layer cannot be larger
than the pore. The relative amount of APTMS on Upsalite R© would correspond to about
7.5 mol%, when the amount Upsalite R© is between 1.0 g and 1.5 g. The results from the
model are presented in Table 5.1, where the silicon content are estimated and 5.2, where
the number of monolayers are estimated from the measured pore volumes.

Table 5.1: The estimated silicon content according to the two models.

Silicon mole fraction
Sample Slit Shaped Pores Cylindrical Pores
L2 6 % 5 %
L2W 6 % 7 %
L4 6 % 3 %
L5 7 % 3 %
S2 7 % 8 %
S2W 1 % 20 %
S5 9 % 1 %
VPG APTMS 150 ◦C 5 h 2 % 10 %

Table 5.2: The estimated number of monolayers according to the two models.

Number of monolayers
Sample Slit Shaped Pores Cylindrical Pores
L2 0.9 2.6
L2W 1.0 3.3
L4 0.6 1.8
L5 0.5 1.7
S2 0.9 3.1
S2W 19.5 12.8
S5 0.1 0.8
VPG APTS 150 ◦C 5 h 2.5 7.4

5.2 Calcination of Upsalite R©

The choice to use large pore sized Upsalite R© is based on that it is easier for the aminosilane
to migrate into larger pores. Prior and after the calcination process, the Upsalite R© has
been characterized to be able to compare it to the functionalized material. The purpose
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of the calcination was to make more adsorption sites available on the substrate surface,
but the removal of the hydroxyl and methoxy groups could also have the opposite effect
since they could act as bonding sites for the aminosilane.

As seen in the FTIR spectra in Figure 5.4 the asymmetric carbonate stretch and
out-of-plane bend peaks decrease after calcination, as well as the CH3 symmetric
stretch, indicating removal of CH3 groups from the surface, see Table 4.1. The ASAP
measurements show a decrease in specific surface area (SSA) on batch 2 of 18 %, batch
3 show a decrease of 31 % and batch 1 of 55 %. The total pore volume is almost
unaltered, but for batch 1 in which it decreases. The pore width distribution of batch
1 has increased with 260 Å as seen in Figure 5.3 (a), while batch 2 only has increased
with 5-10 Å as seen in (b) and batch 3 has increased with 190 Å as seen in (c).

A hypothesis is that thin Upsalite R© walls between the pores or contaminations creating
thin walls decompose and thereby the specific surface area, but not the total pore volume
decreases significantly. The increase in pore width is most likely due to removal of surface
contamination in the case of batch 2, but could indicate a partial decomposition of batch
1 and 3. Table 5.3 and 5.4 compares the pore width distributions, the total pore volumes
and the specific surface areas of the different batches of Upsalite R© prior to and after
calcination. A conclusion of this is that the calcination process needs further studies
since the results vary.
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Figure 5.3: (a) The pore size distribution of as-synthesized batch 1 (solid line) and calcined
batch 1 (dashed line). (b) The pore size distribution of as-synthesized batch 2 (dashed line)
and calcined batch 2 (solid line). The calcined Upsalite R© has larger pores compared to the as-
synthesized. (c) The pore size distribution of as-synthesized batch 3 (solid line) and calcined
batch 3 (dashed line).
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Figure 5.4: FTIR spectra of the calcined batch 1 (grey) and as-synthesized (black). The as-
synthesized batch 2 (red) and the corresponding calcined batch (blue) shows that the intensities
of the carbonate peaks decrease after the calcination process, and are much more significant in
batch 2.

Table 5.3: Some parameters of the as-synthesized batches of Upsalite R© . The pore widths are
taken at half of the peak width.

Batch Pore Width [nm] Total Pore
Volume [cm3/g]

Specific Surface
Area [m2/g]

Batch 1 6.3 1.6 876.1
Batch 2 6.3 1.0 541.1
Batch 3 7.6 1.0 545.2

Table 5.4: Parameters of the calcined Upsalite R© . The pore widths are taken at half the peak
width.

Batch Pore Width [nm] Total Pore
Volume [cm3/g]

Specific Surface
Area [m2/g]

Batch 1, calcined 10.8 1.3 395.9
Batch 2, calcined 6.9 1.0 443.2
Batch 3, calcined 9.5 1.1 373.8

To test if calcination improved the deposition result an ALD experiment on as-synthesized
material called L2C1 was performed and compared to an identical deposition cycle on
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calcined material. FTIR indicates aminosilane in both cases, and the results from the
ASAP measurements are presented in Figure 5.5. It can be seen that the pore width
distribution of the as-synthesized material actually increased after deposition, probably
due to the higher temperature, which may induce a calcination effect. The total pore
volume deceased with 49 % and the BET area with 52 %, which indicate a partial pore
collapse and an expected decrease in sorption capacity of the material. The experiment
on calcined material only showed a decrease with 11 % in BET surface area and 21 % in
total pore volume. Therefore all other tests were performed with calcined material.
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Figure 5.5: The pore size distribution of L2 after deposition on calcined material and L2C1
which is deposited on as-synthesized material. The pore size distribution has decreased when
calcined material is used, but increased when as-synthesized material was used as substrate.

After calcination the material was examined in XRD, to confirm that it still was x-ray
amorphous. A representative result of batch 3 are presented in Figure 5.6 and shows a
peak at 2θ = 30◦, which were assigned to at least one amorphous phase present in the
material by Forsgren et al. [16].
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Figure 5.6: The XRD pattern after calcination which shows a peak at around 2θ = 30◦.

5.3 VPG

One of the goals of the master thesis was achieve an even surface coverage using vapor
phase grafting and the results are presented in this section. A change of setup design and
a comparison of how different time and temperature affects the final grafting result are
presented.

When grafting with the APTMS at 80 ◦C or 110 ◦C for an extended period of time, i.e.
24 h or 72 h, the desiccator could not maintain the overpressure, but the lid had slid off
slightly causing the rest of the precursor to evaporate. Therefore the actual grafting time
is shorter than the experiment run time in those cases. In the case of APTS this did
not occur due to the higher vapor pressure of APTMS caused by stronger interactions
between the APTS molecules.

5.3.1 Design Comparison

The new setup design, i.e. the desiccator was tested and compared against the former.
The result from the FTIR analysis displayed in Figure 5.7 clearly shows an increase of
the amount aminosilane in the sample, especially more intense peaks around 2938 cm-1,
caused by CH2 stretching from the aminosilane and at 1594 cm-1 caused by the NH2
bending. Some of the bands in the 650-900 cm-1 region corresponds to N-H wag, but
are hard to separate from the fingerprint region. The bands at 1036 cm-1 and 1197 cm-1

could indicate formation of siloxane bonds, see Table 4.1.

The hypothesis is that the new design enhances the gas flow through the sample since
it is placed right above the liquid and in combination with a better maintained pressure
leads to a larger concentration gradient, enhancing the diffusion into the pores of the
sample.
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The substrate is in both cases calcined batch 1 and grafted with APTMS at 80 ◦C for
24 h. From the substrate spectra in Figure 5.7, calcined batch 1 has been subtracted to
eliminate the effect of possible trace water in the potassium bromide pellet and clarify
the result by showing the difference after grafting and as seen the in the graph, most IR
active modes of the amine groups are easily identified and can be used as an indicator if
the Upsalite R© successfully has been grafted.
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Figure 5.7: The FTIR analysis comparing the result after 24 h of grafting APTMS at 80 ◦C.
The substrate batch 1 has been subtracted from both measurements. The (black) curve is the
result from the new design and the grey from Sripathi’s.

5.3.2 Time and Temperature Dependence

The time and temperature dependence on the grafting results have been investigated
by performing and comparing experiments. Results from different grating times are
compared in Figure 5.8, where 72 h and 5 h at 110 ◦C are compared. Both grafting
results shows a decrease in pore volume, but also a slightly shifted distribution towards
smaller pores, which indicates surface grafting.

The total pore volume of the 72 h grafting decreased from 0.99 cm3/g to 0.23 cm3/g.
According to the model for slit shaped pores, the pore volume with one monolayer
APTMS would be about 0.75 cm3/g, which suggests excessive filling or pore blocking
has occurred. The total pore volume after 5 h grafting is 0.66 cm3/g and should
according to the model be 0.69 which indicates a close to monolayer formation. The
EDS analysis of the sample grafted at 72 h shows a silicon content of 3.9 at% and the
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calculated monolayer coverage would correspond to about 7.6 at%, according to both
models, which then would indicate pore blocking.
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Figure 5.8: The pore width distribution of calcined batch 1 and 2 and after grafting 72 h at
110 ◦C with APTS compared to grafting at just 5 h. The 72 h grafting was done using batch 2
as substrate and the 5 h grafting was done with batch 1. A difference in total pore volume can
be seen depending on the grafting time.

Figure 5.9 compare the grafting result with APTS as grafting molecule after 1 h and 5 h
at 150 ◦C. The same trend can be seen when comparing other results. The temperature
does not seem to have as much influence on the result as the time which can be seen
when compared to Figure 5.10.
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Figure 5.9: Comparison between APTS grafted at 150 ◦C for 1 h (black) and for 5 h (grey).
Substrate data has been subtracted.
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Figure 5.10: Comparison between APTS grafted for 24 h at 110 ◦C (black) and 80 ◦C (grey).
Substrate data has been subtracted.
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The grafting results seem to depend more on time than temperature. Longer grafting
times at elevated temperatures increases the mobility of the molecules (the aminosilane)
on the surface, thereby increasing the chance of finding an available adsorption site, which
could improve the quality of the layer. To avoid pore blocking a final washing step could
be designed, but is not in the scope of this thesis.

5.4 ALD

The ALD experiments have been performed at a reaction temperature of 150 ◦C to
avoid formation of cyclic Si-N bonds or decomposition of aminosilanes according previous
studies by Ritter et al. [28] and Ek et al. [30] respectively. The temperature of the
APTMS precursor was varied until recommended pulse size by Mårten Rooth [61] was
achieved.

The idea of that water introduced in the reaction as done previously by Ek et al. [29]
would hydrolyze the alkoxy and surface groups, thereby creating more adsorption sites
and thereby eventually a denser network of aligned aminosilanes was tested. The goal was
to achieve a more stable network because of steric hindrance and amine groups pointing
away from the surface. Ethanol was also tested here as hydrolyzing agent and compared
against water and without the use of a hydrolyzing agent. Longer and shorter pulses were
compared with the water/ethanol pulse as the first or as an intermediate pulses, to see
if a hydrolysis of the surface prior deposition could be performed and lead to a denser
layer. A comparison of some ALD cycles is presented in Figure 5.11 and show a very
similar result in layer thickness independent of if the initial pulse was water/ethanol or
APTMS. Notably the S5 creates wider pores, which could be due to the temperature in
the ALD reactor, creating a calcination effect along with desorption of contaminations
on the material after storage. The amount of S5 is also the lowest according to the EDS
analysis presented in Table 5.5, which contributes to the larger pores.
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Figure 5.11: (a) The pore size distribution of L2 and L2W, i.e. longer pulse lengths with
water as the initial pulse in the case of L2W. (b) The pore size distribution of L4 (ethanol), L5
and S5 which are longer and shorter APTMS pulses.

5.4.1 Heat Treatment

To remove surface contamination of the substrate and thereby increase the number of
vacant adsorption sites a sort of pre-treatment was used consisting of the time it took for
the reaction chamber to reach and stabilize at 150 ◦C.

From previous work on depositing aminosilanes an after-treatment has been used to
increase the quality of the deposited layer [27], [28] and this is also tested here. The
hypothesis is that a heat treatment will break the weak electrostatic bonds, i.e. c) and
d) in Figure 2.3. This was tested by comparing the same sample in FTIR prior and after
the final heat treatment. In Figure 5.12 a shift from 1597 cm-1 to 1557 cm-1 after a heat
treatment can be observed, which could indicate the formation of more loosely bound
amine groups. This can have several explanations and is disputed in the literature:
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(i) Cyclic bonds between the amine group and the silicon atom or a methyl group are
removed.

(ii) Additional layers of aminosilane are removed, thereby decreasing the interactions
between the layers.

(iii) Amine groups facing the surface are removed or reoriented in the pores.

(iv) Bicarbonate salt forms when the functionalized sample is dried in air.

Boerio et al. [62] suggested that a band around 1550 cm-1, could be due to a cyclic bonding
structure between the amine group and a silanol group, while Naviroj et al. [52] suggested
that the band could be due to a bicarbonate salt formed when drying in an atmosphere
containing CO2. This could be an explanation to why the band from the amine bending
is shifted toward a lower frequency. Without an after-treatment, the APTMS is dried in
normal atmosphere and could then form the bicarbonate salt described by Naviroj et al.
The samples exposed to an after-treatment were dried in vacuum and would then form
free amine groups.

Naviroj et al. [52] observed shift of the amine absorption band at 1601 cm-1 to 1591 cm-1

and assigned it to a shift from hydrogen bonded amine groups to free ones. The shift is
not seen in all cases after heat treatment, as seen Appendix C, Figure 9.3.

The peaks at 1036 cm-1 and 1194 cm-1 are assigned to Si-O-Si vibrations, which is in
accordance with the removal of -OH groups at the substrate surface that act as bonding
sites for the aminosilane. The peak at 1194 cm-1 and at 2843 cm-1 indicates that alkoxy
groups attached to the silicon atom are still present. This could indicate island growth of
the aminosilane seen by Smith and Chen [26] and Zhu et al. [20], where oligomerization
happens in the clusters leaving some free alkoxy groups.
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Figure 5.12: The sample L2 measured after (black) and before (grey) the heat treatment
consisting of one hours heating at 150 ◦C.

In Table 5.5 the amounts of silicon, magnesium, carbon and oxygen have been determined
by EDS. The amount aminosilane can be determined by the silicon content according to
the coverage models presented above. As seen in the table, the use of a hydrolyzing
agent gives a larger silicon content than without one, and water seemed to give a more
pronounce effect than ethanol in all deposition cycles, except for L2. A clear trend cannot
be seen regarding the use of an initial pulse, such as water/ethanol, which suggests that
the number of bonding sites available is less dependent of surface hydrolysis by an initial
pulse, than the use of a hydrolyzing agent.
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Table 5.5: The atomic percent of the elements silicon, carbon, oxygen and magnesium obtained
from the EDS analysis. The values presented are mean values from two or three mappings with
standard deviations. The samples without standard deviation have been analyzed one time.

Experiment Si Mg C O
S2 3.50 13.70 36.40 46.20
S2W 2.68 ± 0.11 18.92 ± 0.54 27.88 ± 0.62 50.24 ± 0.08
S4 1.35 ± 0.21 18.75 ± 0.92 27.85 ± 1.91 52.10 ± 2.69
S4E 1.45 ± 0.07 19.20 ± 4.95 28.25 ± 3.04 51.10 ± 1.98
S5 0.60 ± 0.71 16.55 ± 1.91 30.25 ± 4.13 52.55 ± 3.04
L2 1.95 ± 0.64 19.00 ± 3.68 25.60 ± 2.83 53.05 ± 1.63
L2W 3.00 ± 0.56 23.20 ± 2.55 22.15 ± 2.61 51.65 ± 0.49
L4 2.25 ± 0.21 22.30 ± 2.26 22.70 ± 2.12 52.45 ± 0.07
L4E 2.20 ± 0.00 23.45 ± 1.20 22.65 ± 0.64 51.40 ± 2.12
L5 1.93 ± 0.42 19.47 ± 2.59 27.37 ± 2.36 51.07 ± 1.79
VPG APTS 80 ◦C 72 h 2.40 19.00 25.20 53.20
VPG APTS 110 ◦C 72 h 3.90 ± 0.16 11.57 ± 0.46 40.05 ± 0.62 44.48 ± 0.38
VPG APTMS 150 ◦C 5 h 4.15 ± 1.06 17.20 ± 2.55 28.75 ± 2.48 47.80 ± 3.54
VPG APTMS 110 ◦C 24 h 5.14 ± 0.23 11.81 ± 0.94 38.34 ± 1.35 44.66 ± 0.56
Batch 3, calcined 0.00 ± 0 22.00 ± 0.85 20.80 ± 0.99 57.15 ± 0.07

When comparing the two different deposition techniques ALD against VPG, the ALD
offers more control in the deposition process and gives the opportunity to use intermediate
pulses, but requires dedicated setup. The VPG is on the other hand does not require
a special setup and can easier be scaled up. The amount of APTMS in the different
experiments are presented in Table 5.5 and notably the VPG produces larger amounts,
likely due to filling of the pores which is displayed in Figure 5.13, where VPG gives a
thicker layer. The BET area of the VPG is decreased by 24 % compared to L2 which has
decreased by 11 %. APTMS seems to be easier to graft in higher concentrations than
APTS and could depend on the smaller side groups.
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Figure 5.13: A comparison of the ALD cycle L2 and the VPG at 150 ◦C for 5 h.
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Since the Upsalite R© is a porous material, the EDS analysis may have an error due to the
larger activation volume and scattering effects in the samples. The results were compared
to an ICP analysis to compare differences and are presented in Table 5.6. The biggest
difference between the two methods is that the ICP is able to analyze the whole material
and not just the surface. It should be noted that the silicon calibration solution used in
the ICP differed by ± 6 % before and after the analysis, which introduces an uncertainty
to the results. The results from EDS and ICP differ quite significantly, but the trend
with bigger amounts of silicon in the samples functionalized with VPG remains.

The magnesium content is about half as much according to the ICP analysis, which differs
from the amounts presented by Cheung et al. [58]. They found more similar amounts as
the one presented here in the EDS analysis, which therefore are used for analysis. The
fraction Si/Mg is more similar and could be used if the same constant error is present
through the analysis.

Table 5.6: A comparison of the wt% obtained with ICP analysis and from EDS.

EDS ICP
Sample Si Mg Si/Mg Si Mg Si/Mg
S2 6.09 20.62 0.13 2.7 13.3 0.20
S2W 4.47 27.31 0.16 2.3 12.4 0.19
Batch 3, calcined 0.00 31.44 0 0.1 15.4 0.01
VPG APTS 110 ◦C 72 h 6.92 17.76 0.39 7.2 9.3 0.77
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5.5 Stability tests

The stability of the functionalized Upsalite R© has been tested by exposing it to a high
relative humidity as well as in direct contact with water and solutions of different pH.
These are simulations of environments where Upsalite R© could be used.

5.5.1 Temperature Stability

In some application it is required that the desiccant material manages elevated temperatures
and therefore the temperature stability of the functionalized material was
investigated using thermogravimetric analysis. It indicates at what temperature the
film is desorbed or decomposed. Loss in mass at lower temperatures would indicate
a film containing more physisorption, possibly due to multilayers or dipole bonding.
Figure 5.14 shows the mass loss for (a) the sample functionalized with longer pulses and
(b) with shorter pulses. A reference of APTMS and batch 1, which is similar to the
other are also shown. Pure APTMS should not be the compared to the functionalized
material, due to the interactions with the surface. The loss in mass at lower temperatures
is probably due to adsorbed water and some physisorbed APTMS. The decomposition
temperature has increased by ∼ 25 ◦C compared to non-functionalized material, which
indicates a stabilization of the material. All compared functionalized materials exhibit
similar stability except for S5, which is believed to contain very little amount APTMS,
based on the EDS analysis which shows a silicon content of 0.6 at%.

The decomposition temperature of calcined Upsalite R© used in the work of Cheung et al.
[58] shows a decomposition temperature of 400 ◦C, equal to the functionalized material
here. This could indicate a lower stability of the batch used compared to the one used by
them. To investigate this, a coupled FTIR-TGA could be used, but is not in the scope
here.
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Figure 5.14: (a) The incremental mass loss the samples functionalized with longer pulse
length at different temperatures. (b) The incremental mass loss of the samples functionalized
with shorter pulse lengths.

5.5.2 Water cycling tests

The reason to the functionalization was to make the material more stable toward repeated
exposures to humid atmosphere. Evaluation of the functionalized material has been
performed by exposing the material to 100 % RH 24 h in a desiccator, before drying it at
70 ◦C for 24 h. This procedure was repeated and the samples weighed after every step.
Three subsequent experiments were conducted during the thesis project after enough
material had been functionalized. The three experiments are presented in chronological
order in the Figures 5.15, 5.16 and 5.17.

The amounts of material used in Figure 5.15 is about 100 mg, except Batch 2 large amount
which is 1000 mg. The small amounts used introduce uncertainties in the measurements

40



where the material adsorbs about 50 % of its own weight. The sorption capacity is seen
to decrease for these first set of samples when compared to the calcined batch 2 of the
same weight. The samples has been washed with ethanol two times and dried. This could
induce oligomerization and thereby decrease the sorption capacity.
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Figure 5.15: The first set of functionalized Upsalite R© that was tested. The water sorption
capacity in weight percent is shown during five cycles in which the samples are stored in a RH
at 100 %.

The second set of functionalized samples was evaluated in the same manner as before,
but with the difference that 500 mg sample was used. The results are shown in Figure
5.16 and show an increased water sorption capacity both in the first cycle and after five
cycles. In the first cycle it has increased by 27 % to 80 % and after five cycles still by
15 % to 81 % compared to the non-functionalized samples. The large improvement from
the first experiment is assigned a better deposition process, with less filled pores.
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Figure 5.16: The weight percent water absorbed by the samples compared to the non-
functionalized calcined batch 3. The water sorption capacity has increased between 27 % and 80
% in the first cycle compared to calcined Upsalite R© .

The third set of samples evaluated in Figure 5.17. All functionalized samples perform
better the non-functionalized. Calcined material absorbs more than as-synthesized which
could be due to formation of crystal water discussed by Pochard et al. [18].

The increase in sorption capacity in the third cycle compared to the others is due to that it
was stored over a weekend (72 h). The initial sorption capacity has increased up to 65 %,
when compared against the non-functionalized material with highest sorption capacity
and all perform better after 5 cycles. The functionalized sample closest to the non-
functionalized is S5, which has been concluded contains the least amount of aminosilane.
This indicates that aminosilane indeed enhances the sorption capacity of the material
and has a stabilizing effect after 5 cycles.
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Figure 5.17: The water sorption capacity of the third set of functionalized samples. The
sorption capacity has increased the first cycle, to then end at between 10 % and 20 %. All
functionalized samples perform better at the fifth cycle.

A longer stability study with the material exposed to high relative humidity was
performed and is a continuation of the second absorption cycle. Figure 5.18 shows
the result and notably the calcined batch 3 does perform better. Each absorption cycle
is done over 7 days, except the 6th cycle which was 8 days. The drying process was the
same as previously with 24 h at 70 ◦C. This implicates a decrease in stability against
longer periods of exposure to high humidity atmosphere.
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Figure 5.18: The water sorption capacity of 7 days cyclic exposure of a relative humidity of
100 %.

All figures show an initial drop after the first humidity cycle and could be due to
oligomerization causing pore blocking, a pore collapse through crystallization of Upsalite R©
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into nesquehonite, or a combination of both. The samples were analyzed by ASAP and
XRD to see if crystallization occurred and the results are presented in Figure 9.5, 9.6
in Appendix D and the ASAP results in 5.19. The XRD results show more peaks after
humidity exposure possibly corresponding to formation of nesquehonite.

ASAP measurements were also performed to evaluate the remaining BET area. The
isotherms of calcined batch 3 and L2 before and after repeated exposure to humidity is
shown in Figure 5.19 and display a large change of the pores. Batch 3 has a BET area
of 106 m2/g, while the functionalized exhibits only very low areas, 0.6 m2/g in the case
of L2 and 1.7 m2/g in the case of S2. The almost non-existing isotherm of L2 could be
due to not enough material used in the analysis when no pores are present, leading to
difficulty to detect adsorption. Batch 3 exhibits a behavior which indicates presence of
pores in the material after water cycling.
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Figure 5.19: (a) The isotherm of calcined batch 3, before and after water cycling 10 times.
(b) The isotherm of L2, before and after water cycling 10 times.

The BET area of the S2 is larger (413 m2/g) compared to L2 and L2W (332 m2/g and
330 m2/g respectively) and S2W has much smaller (56 m2/g) and still performs about
equally well in the water sorption tests. This could be due to that the aminosilanes binds
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to the pore openings and then oligomerize there. If free water then crystallize the pore
walls of Upsalite R© , possibly decomposing them a larger surface area would be available
and thereby explaining the similar sorption behavior.

When cycled 5 times in a RH at 100 % the functionalized samples perform better than
the non-functionalized and is believed to be caused by the ability of APTMS to interact
with water, keeping it from be able to crystallize the structure at a higher rate. The
initial large increase in water sorption capacity could be due to hydrolysis of the alkoxy
groups which provides the material with a chemical way of binding water, but creating
methanol. When drying the material after the first cycle, water remains in the structure
which can be seen by a mean mass increase of the sample weights by 22 %. After the
first storage cycle the masses are relatively stable when weighed dry.

A comparison with commercial desiccants, calcium oxide and magnesium carbonate
has been made and evaluated in two sorption cycles and shows that the functionalized
Upsalite R© perform well against all except silica, which display a higher and more stable
sorption behavior.

Table 5.7: A comparison of the sorption capacity of different materials in two cycles.

CaO Silica Zeolite MgCO3·×H2O S3
Cycle 1 21 % 72 % 27 % 5 % 30 %
Cycle 2 5 % 75 % 7 % 5 % 16 %

5.5.3 pH stability test

The pH value of the solution was measured several times over 48 h and the values of
the initial 24 h are presented in Figure 5.20. After 24 h the pH value had reached
equilibrium and was stable. The dissolution rate hypothesis is based on the reasoning by
Tier et al. [63] and consist of that Upsalite R© first dissolves intoMg2+ and CO2−

3 and then
to the cation form MgOH+ and Mg(OH)2 while the anion form HCO−3 and H2CO3.
This affects the pH of the solution. Atmospheric carbon dioxide which produce CO2

3+,
HCO−3 and H3O

+ upon dissolution in water and also effect the pH in the solution, but
can be neglected due to the slow rate.

The functionalized samples contain the amine groups which can transform from NH2 to
NH+

3 , which would increase the pH, by attracting protons in the solution. Each of the
reactions have an equilibrium constant and have been calculated by Chen and Tao [64]
who performed dissolving experiments on MgCO3. They found that the pH stabilized
after approximatively 1 h, where it in this experiment reached equilibrium after 24 h.
The reason could be due to limitations in migration of the ions, where the diffusion sets
the limit, but needs further investigation. The slower increase in pH of the functionalized
sample, S2, could be due to stabilization or proton uptake of the amine groups. Which
one that happens or a combination is not clear, but could be measured by FTIR. The
pH values measured before the measurements started are presented in Table 5.8. This
indicates that the functionalized material could be used in more acid environments.
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Table 5.8: The initial pH values of the solutions before the measurement started.

Sample Batch 1 S2
Buffer: pH 4 4.06 4.26
Buffer: pH 7 7.04 7.05
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Figure 5.20: The pH values obtained during a 24 h period. The dashed lines correspond to the
sample S2 and the solid to calcined Batch 1. The buffer (pH=4) with the functionalized sample
does not increase as fast as the non-functionalized, while the different samples perform equally
in the pH buffer of 7.

5.6 Electron Spectroscopy for Chemical Analysis

An ESCA analysis has been performed to investigate how the different atoms chemically
interact with their surrounding and if a change is present after functionalization. The
results from the analysis of the oxygen, nitrogen and silicon peaks are presented in Table
5.9. All peak positions presented in Figure 5.21 have been corrected and referred to the O
1s edge of a magnesium carbonate measured by Santamaria et al. [65]. This assumes no
altering of the oxygen carbonate chemical bonds due to functionalization. The APTMS
spectra were corrected against the Si 2p peak presented by Jakša et al. [66].
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Table 5.9: The positions of the measured ESCA peaks with references included. The values
have been corrected for charge drift against the O 1s edge to the value of Santamaria et al.
[65]. APTMS spectra has been corrected against Si 2p presented by Jakša et al. [66], 399.2 eV
correspond to NH2 and 401.0 to eV NH3

+.

Element S2 S2W L2 L2W APTMS Calcined Batch 3 Jakša Santamaria
Si 2p 102.9 103.2 102.5 101.2 102.2 102.2
N 1s 403.1 403.1 - 401.3 401.0 339.2 , 401.0
O 1s 533.2 533.2 533.2 533.2 533.2 533.2
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Figure 5.21: The measured O 1s ESCA spectra corrected against Santamaria [65] for the first
set of samples along with an APTMS reference. The spectra have been smoothed by Gaussian
functions.

As seen in Table 5.9 and Figure 5.22 the Si 2p peak shifts to higher energies, up to 2 eV
more than the sample with lower binding strength (L2W) and 1 eV more than APTMS,
which could indicate that the silicon atom is involved in a stronger bond than Si-OCH3
present in APTMS. Jakša et al. have assigned the peaks at 102.2 eV and 103.0 eV to
aminosilane on SiO2 and SiO2 in the oxide layer they used as substrate. It is therefore a
reason to believe that the samples have formed siloxane bridges, which is supported by
the FTIR measurements presented in Appendix C. The L2W display weaker interactions
which could be due to a fraction of the silicon atoms still having alkoxy groups present
or interactions with the surface.
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Figure 5.22: The measured Si 2p ESCA spectra for the first set of samples along with an
APTMS reference. The spectra have been smoothed by Gaussian functions.

The intensity of the N 1s peaks for the functionalized samples were very low and therefore
conclusions from these data should be drawn with care. Jakša et al. assigned the peak
at 399.2 eV correspond to NH2 bonds, while the peak at 401.0 eV correspond to NH3

+

bonds [66]. However our FTIR analysis of the functionalized samples and the APTMS
liquid (presented in Appendix C ) show no indication of NH3

+ groups and therefore the
peak at 401.0 eV in Figure 5.23 is assigned to NH2 bonds, suggesting that the functional
group does not alter its structure when functionalizing the sample.
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Figure 5.23: The measured N 1s ESCA spectra for the first set of samples along with an
APTMS reference. The spectra have been smoothed by Gaussian functions.
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6 | Conclusions

• Upsalite R© has for the first time, been functionalized from gas phase.

• The use of VPG as grafting method is simple and can easily be scaled up. No
dedicated setup is needed, but the design choice strongly affects the grafting result.

• The amount of aminosilane grafted by VPG can be controlled by changing the time
and temperature. The time seems to have a greater impact on the amount grafted
while the temperature has less affect.

• APTMS results in higher grafting concentrations compared to APTS.

• The temperature stability after functionalization increases by 25 ◦C.

• The use of hydrolyzing agent in ALD increases the amount aminosilane deposited.
Water is found to be more efficient than ethanol.

• Functionalization of Upsalite R© with aminosilane increases the initial sorption
capacity by up to 80 % when stored in a relative humidity of 100 % for 24 h.

• The water sorption capacity is improved after 5 cycles of storing in relative humidity
of 100 %, by up to 81 %.

• The long term water cycling stability of functionalized Upsalite R© decreases when
cycled 5 times for 7 days at a time in a relative humidity of 100 %.

These results imply possible application areas of the functionalized Upsalite R© where
repeated exposures to humidity, followed by a heat treatment occur, such as in rotor
evaporators. The one-time sorption capacity is also increased, which is beneficial for
example in drug packaging, which is disposed after use. It does not seem possible
to use the Upsalite R© with this functionalization in areas exposed to high humidity
for longer time periods.
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7 | Future Outlook

The functionalization of the samples showed an increase in water stability over 5 cycles
and a temperature stabilization effect. The methods used could although be improved
further by implementing some changes which should be examined in the future.

• Stability under long time storage at low relative humidity, such as in OLED screens
should be studied.

• Try shorter water cycles, well below 24 h.

• The sorption capacity of the functionalized samples could be improved further in
the cycling tests, by drying them at a temperature above 100 ◦C to fully remove
the water within the pores. This is not a problem according to the temperature
stability tests.

• The grafting results from the VPG could be improved by removing the loosely
bound molecules by introducing a heat treatment and a purge gas in an even further
improved design more CVD-like.

• The pore analysis presented in Figure 5.8 indicates that a final washing step, better
than the one used for the first water cycling tests is needed if excessive amount of
aminosilane is grafted.

• The use of the aminosilanes AEAPTES and AEAPTMS have been reported to be
more stable to hydrolysis and should be tested in the future.

• To determine what happens to the functionalized material upon heating a coupled
FTIR-TGA could be used to analyze the decomposition products.

• The deposition methods used should be tested on Upsalite R© with smaller pores,
which has larger surface area and therefore implies improved moisture uptake. The
production of small pored Upsalite R© is also cheaper.

51



8 | Acknowledgements

First and most I would like to thank my supervisor Cecilia Århammar for all her input
and never ending support during this thesis work. Then I would also like to thank Tomas
Edvinsson for the introduction of Raman analysis, Mårten Rooth for the help with the
ALD, Maria Vall for the assistance, Ken Welch for the help with sorption analysis, Mats
Boman for the input and finally David Ekman and Celina Notfors for all pleasant moments
and coffee breaks.

A special thanks to the whole group at NFM for all help and assistance during my time
there and also to the people at Disruptive Materials for all the fun occasions.

52



Bibliography

[1] L. Zhang and T. J. Webster, “Nanotechnology and nanomaterials: Promises for
improved tissue regeneration”, Nano Today, vol. 4, no. 1, pp. 66–80, Feb. 2009.
doi: 10.1016/j.nantod.2008.10.014. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1748013208000182
(visited on 04/27/2016).

[2] M. Strömme, “Nanomaterial”, Uppsala, May 13, 2016.
[3] (2016). Nanotechnology in the Construction Industry, [Online]. Available:

http://www.nanowerk.com/nanotechnology-in-construction-industry.php
(visited on 05/14/2016).

[4] H. Dosch, M. H. van de Voorde, and Max-Planck-Institut für Metallforschung,
Eds., GENNESYS: GRAND EUROPEAN initiative on nanoscience and
nanotechnology using neutron- and synchrotron radiation sources ; [a new
Europan partnership between nanomaterials science & nanotechnology and
synchrotron radiation and neutron facilities ; white paper], Stuttgart:
Max-Planck-Inst. für Metallforschung, 2009, 458 pp.

[5] (2016). Definition, [Online]. Available: http:
//www.nanostart.de/en/nanotechnology/the-term-nano-and-what-it-means
(visited on 03/01/2016).

[6] (2016). OECD Working Party on Nanotechnology (WPN): Vision Statement -
OECD, [Online]. Available: http://www.oecd.org/sti/nano/
oecdworkingpartyonnanotechnologywpnvisionstatement.htm (visited on
03/01/2016).

[7] (2014). Nanomaterials - ECHA, [Online]. Available:
http://echa.europa.eu/regulations/nanomaterials (visited on 02/03/2016).

[8] G. Elert. (2011). Diameter of a Human Hair, [Online]. Available:
http://hypertextbook.com/facts/1999/BrianLey.shtml (visited on
02/16/2016).

[9] (2015). Nanotechnology Timeline | Nano, [Online]. Available:
http://www.nano.gov/timeline (visited on 02/04/2016).

[10] R. P. Feynman. (1959). There’s plenty of Room at the Bottom, [Online].
Available: http://calteches.library.caltech.edu/47/2/1960Bottom.pdf
(visited on 02/04/2016).

[11] P. Forbes, The gecko’s foot: Bio-inspiration : Engineering new materials from
nature. New York: W.W. Norton & Co., 2006.

[12] M. Mandelkern, J. G. Elias, D. Eden, and D. M. Crothers, “The dimensions of
DNA in solution”, Journal of Molecular Biology, vol. 152, no. 1, pp. 153–161,
Oct. 15, 1981. doi: 10.1016/0022-2836(81)90099-1. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0022283681900991
(visited on 02/04/2016).

53



[13] (Mar. 21, 2010). Energy efficient dishwasher harnesses power of zeolites | The
Engineer, [Online]. Available: http://www.theengineer.co.uk/energy-
efficient-dishwasher-harnesses-power-of-zeolites/ (visited on
02/01/2016).

[14] S. Frykstrand, J. Forsgren, A. Mihranyan, and M. Strømme, “On the pore
forming mechanism of Upsalite, a micro- and mesoporous magnesium carbonate”,
Microporous and Mesoporous Materials, vol. 190, pp. 99–104, May 15, 2014. doi:
10.1016/j.micromeso.2013.12.011. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1387181113006227
(visited on 01/26/2016).

[15] P. Holister, C. Román, and T. Harper. (Oct. 2013). Nanoporous Materials,
[Online]. Available: http://www.clubofamsterdam.com/contentarticles/01%
20Nanotechnology/Nanoporous%20Materials.pdf (visited on 03/01/2016).

[16] J. Forsgren, S. Frykstrand, K. Grandfield, A. Mihranyan, and M. Strømme, “A
Template-Free, Ultra-Adsorbing, High Surface Area Carbonate Nanostructure”,
PLoS ONE, vol. 8, no. 7, e68486, Jul. 17, 2013. doi:
10.1371/journal.pone.0068486. [Online]. Available:
http://dx.doi.org/10.1371/journal.pone.0068486 (visited on 01/26/2016).

[17] (2016). Disruptive Materials, [Online]. Available:
http://www.disruptivematerials.com/company/ (visited on 01/26/2016).

[18] I. Pochard, S. Frykstrand, J. Eriksson, S. Gustafsson, K. Welch, and M. Strømme,
“Dielectric Spectroscopy Study of Water Behavior in Calcined Upsalite: A
Mesoporous Magnesium Carbonate without Organic Surface Groups”, The
Journal of Physical Chemistry C, vol. 119, no. 27, pp. 15 680–15 688, Jul. 9, 2015.
doi: 10.1021/acs.jpcc.5b02370. [Online]. Available:
http://dx.doi.org/10.1021/acs.jpcc.5b02370 (visited on 02/19/2016).

[19] B. Arkles, A. Maddox, M. Singh, J. Zazyczny, and J. Matisons. (2014). Silane
Coupling Agents: Connecting Across Boundaries, [Online]. Available:
http://www.gelest.com/themencode-pdf-viewer/?file=http:
//www.gelest.com/wp-content/uploads/Goods-PDF-brochures-
couplingagents.pdf (visited on 01/28/2016).

[20] M. Zhu, M. Z. Lerum, and W. Chen, “How to prepare reproducible, homogeneous,
and hydrolytically stable aminosilane-derived layers on silica”, Langmuir: The
ACS journal of surfaces and colloids, vol. 28, no. 1, pp. 416–423, Jan. 10, 2012.
doi: 10.1021/la203638g. pmid: 22128807.

[21] S Naviroj, S. R Culler, J. L Koenig, and H Ishida, “Structure and adsorption
characteristics of silane coupling agents on silica and E-glass fiber; dependence on
pH”, Journal of Colloid and Interface Science, vol. 97, no. 2, pp. 308–317, Feb. 1,
1984. doi: 10.1016/0021-9797(84)90301-1. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0021979784903011
(visited on 04/05/2016).

[22] H. Yoshitake, T. Yokoi, and T. Tatsumi, “Adsorption Behavior of Arsenate at
Transition Metal Cations Captured by Amino-Functionalized Mesoporous Silicas”,
Chemistry of Materials, vol. 15, no. 8, pp. 1713–1721, Apr. 1, 2003. doi:
10.1021/cm0218007. [Online]. Available:
http://dx.doi.org/10.1021/cm0218007 (visited on 04/18/2016).

54



[23] Z. Guo, J. Fan, J. Zhang, Y. Kang, H. Liu, L. Jiang, and C. Zhang, “Sorption
heavy metal ions by activated carbons with well-developed microporosity and
amino groups derived from Phragmites australis by ammonium phosphates
activation”, Journal of the Taiwan Institute of Chemical Engineers, vol. 58,
pp. 290–296, Jan. 2016. doi: 10.1016/j.jtice.2015.05.041. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S1876107015002643
(visited on 04/18/2016).

[24] B. Aziz, G. Zhao, and N. Hedin, “Carbon Dioxide Sorbents with Propylamine
Groups-Silica Functionalized with a Fractional Factorial Design Approach”,
Langmuir, vol. 27, no. 7, pp. 3822–3834, Apr. 5, 2011. doi: 10.1021/la104629m.
[Online]. Available: http://dx.doi.org/10.1021/la104629m (visited on
04/18/2016).

[25] F. Zhang, K. Sautter, A. M. Larsen, D. A. Findley, R. C. Davis, H. Samha, and
M. R. Linford, “Chemical Vapor Deposition of Three Aminosilanes on Silicon
Dioxide: Surface Characterization, Stability, Effects of Silane Concentration, and
Cyanine Dye Adsorption”, Langmuir, vol. 26, no. 18, pp. 14 648–14 654, Sep. 21,
2010. doi: 10.1021/la102447y. [Online]. Available:
http://dx.doi.org/10.1021/la102447y (visited on 01/26/2016).

[26] E. Asenath Smith and W. Chen, “How to Prevent the Loss of Surface
Functionality Derived from Aminosilanes”, Langmuir : The ACS journal of
surfaces and colloids, vol. 24, no. 21, pp. 12 405–12 409, Nov. 4, 2008. doi:
10.1021/la802234x. pmid: 18834166. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2661566/ (visited on
01/28/2016).

[27] V. Sripathi, B. L. Mojet, A. Nijmeijer, and N. E. Benes, “Vapor phase versus
liquid phase grafting of meso-porous alumina”, Microporous and Mesoporous
Materials, vol. 172, pp. 1–6, 2013. doi: 10.1016/j.micromeso.2013.01.013.

[28] H. Ritter, M. Nieminen, M. Karppinen, and D. Brühwiler, “A comparative study
of the functionalization of mesoporous silica MCM-41 by deposition of
3-aminopropyltrimethoxysilane from toluene and from the vapor phase”,
Microporous and Mesoporous Materials, vol. 121, no. 1-3, pp. 79–83, May 2009.
doi: 10.1016/j.micromeso.2009.01.006. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S1387181109000286 (visited
on 01/26/2016).

[29] S. Ek, E. I. Iiskola, L. Niinistö, J. Vaittinen, T. T. Pakkanen, J. Keränen, and
A. Auroux, “Atomic Layer Deposition of a High-Density Aminopropylsiloxane
Network on Silica through Sequential Reactions of γ-Aminopropyltrialkoxysilanes
and Water”, Langmuir, vol. 19, no. 25, pp. 10 601–10 609, Dec. 2003. doi:
10.1021/la035472g. [Online]. Available:
http://pubs.acs.org/doi/abs/10.1021/la035472g (visited on 01/26/2016).

[30] S. Ek, E. I. Iiskola, and L. Niinistö, “Gas-Phase Deposition of
Aminopropylalkoxysilanes on Porous Silica”, Langmuir, vol. 19, no. 8,
pp. 3461–3471, Apr. 2003. doi: 10.1021/la020869q. [Online]. Available:
http://pubs.acs.org/doi/abs/10.1021/la020869q (visited on 01/26/2016).

[31] M. L. O’Niell, H. R. Bowen, A. Derecskei-Kovacs, K. S. Cuthill, B. Han, and
M. Xiao. (Winter 2011). Impact of Aminosilane Precursor Structure on Silicon

55



Oxides by Atomic Layer Deposition, [Online]. Available:
http://www.electrochem.org/dl/interface/wtr/wtr11/wtr11_p033-037.pdf
(visited on 01/26/2016).

[32] S. M. George, “Atomic Layer Deposition: An Overview”, Chemical Reviews, vol.
110, no. 1, pp. 111–131, Jan. 13, 2010. doi: 10.1021/cr900056b. [Online].
Available: http://pubs.acs.org/doi/abs/10.1021/cr900056b (visited on
01/26/2016).

[33] R. L. Puurunen, “Surface chemistry of atomic layer deposition: A case study for
the trimethylaluminum/water process”, Journal of Applied Physics, vol. 97, no.
12, p. 121 301, 2005. doi: 10.1063/1.1940727. [Online]. Available: http:
//scitation.aip.org/content/aip/journal/jap/97/12/10.1063/1.1940727
(visited on 02/03/2016).

[34] G. Attard and C. Barnes, Surfaces, ser. Oxford science publications 59. Oxford ;
New York: Oxford University Press, 1998, 92 pp.

[35] J. Hultberg, Functionalizing Upsalite R©, a mesoporous magnesium carbonate, for
hydrolytic stability by vapor phase grafting, Dec. 31, 2015.

[36] (2016). Shin-Etsu Silicone : Silicone Fluids:The Unique Properties of Silicones,
[Online]. Available: http://www.shinetsusilicone-
global.com/products/type/oil/detail/about/index2.shtml (visited on
02/01/2016).

[37] S. Brunauer, P. H. Emmett, and E. Teller, “Adsorption of Gases in
Multimolecular Layers”, Journal of the American Chemical Society, vol. 60, no. 2,
pp. 309–319, Feb. 1, 1938. doi: 10.1021/ja01269a023. [Online]. Available:
http://dx.doi.org/10.1021/ja01269a023 (visited on 02/03/2016).

[38] M. Nič, J. Jirát, B. Košata, A. Jenkins, and A. McNaught, Eds., IUPAC
COMPENDIUM of Chemical Terminology: GOLD BOOK, 2.1.0, Research Triagle
Park, NC: IUPAC, Jun. 12, 2009. [Online]. Available:
http://goldbook.iupac.org (visited on 01/28/2016).

[39] A. Trunschke. (Nov. 1, 2013). Surface area and pore size determination, [Online].
Available: http://www.fhi-berlin.mpg.de/acnew/department/pages/
teaching/pages/teaching__wintersemester__2013_2014/annette_
trunschke__surface_area_and_pore_analysis__131101.pdf (visited on
04/06/2016).

[40] (2016). A Brief History of Density Functional Theory Applied to Extracting
Information from the Physical Adsorption Isotherm | Micromeritics, [Online].
Available:
http://www.micromeritics.com/Library/DFT-NLDFT-Density-Functional-
Theory/A-Brief-History-of-Density-Functional-Theory-Applied-to-
Extracting-Information-from-the-Physical-Adsorption-Isotherm.aspx
(visited on 02/03/2016).

[41] T. Palucka and A. Hessenbruch. (Dec. 10, 2002). Overview of Electron
Microscopy, [Online]. Available:
http://authors.library.caltech.edu/5456/1/hrst.mit.edu/hrs/
materials/public/ElectronMicroscope/EM_HistOverview.htm (visited on
04/26/2016).

56



[42] S. Hogmark, S. Jacobson, and s. Kassman-Rudolphi, “Svepelektronmikroskopi i
praktik och teori”, Tribomaterial, Uppsala, Jan. 2014.

[43] A. R. West, Basic solid state chemistry, 2nd ed. New York: John Wiley & Sons,
1999, 480 pp.

[44] M. Hesse, H. Meier, and B. Zeeh, Eds., Spectroscopic methods in organic
chemistry: 100 tables, 2. ed, Stuttgart: Thieme, 2008, 453 pp.

[45] C. Hess, U. Wild, and R. Schlögl, “The mechanism for the controlled synthesis of
highly dispersed vanadia supported on silica SBA-15”, Microporous and
Mesoporous Materials, vol. 95, no. 1-3, pp. 339–349, Oct. 2006. doi:
10.1016/j.micromeso.2006.06.010. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S1387181106002174 (visited
on 02/22/2016).

[46] FTIR Spectroscopy: Attenuated Total Reflectance (ATR), 2005. [Online]. Available:
https://shop.perkinelmer.com/content/TechnicalInfo/TCH_FTIRATR.pdf
(visited on 05/09/2016).

[47] (Jun. 17, 2016). Sir Venkata Raman - Facts, [Online]. Available:
http://www.nobelprize.org/nobel_prizes/physics/laureates/1930/raman-
facts.html (visited on 04/29/2016).

[48] A. P. Sokolov, A. Kisliuk, D. Quitmann, and E. Duval, “Evaluation of density of
vibrational states of glasses from low-frequency Raman spectra”, Physical Review
B, vol. 48, no. 10, pp. 7692–7695, Sep. 1, 1993. doi: 10.1103/PhysRevB.48.7692.
[Online]. Available: http://link.aps.org/doi/10.1103/PhysRevB.48.7692
(visited on 03/22/2016).

[49] V. K. Malinovsky and A. P. Sokolov, “The nature of boson peak in Raman
scattering in glasses”, Solid State Communications, vol. 57, no. 9, pp. 757–761,
Mar. 1986. doi: 10.1016/0038-1098(86)90854-9. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0038109886908549
(visited on 03/22/2016).

[50] P. J. Launer, Infrared analysis of organosilicon compounds: Spectra-Structure
Correlations. [Online]. Available:
http://www.gelest.com/goods/pdf/Library/11Infra.pdf (visited on
03/24/2016).

[51] H. Ishida, C.-h. Chiang, and J. L. Koenig, “The structure of aminofunctional
silane coupling agents: 1. γ-Aminopropyltriethoxysilane and its analogues”,
Polymer, vol. 23, no. 2, pp. 251–257, Feb. 1, 1982. doi:
10.1016/0032-3861(82)90310-X. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/003238618290310X
(visited on 04/05/2016).

[52] S. Naviroj, J. L. Koenig, and H. Ishida, “Molecular Structure of an Aminosilane
Coupling Agent as Influenced by Carbon Dioxide in Air, pH and Drying
Conditions”, Department of Macromolecular Science, Cleveland, Ohio, Nov. 9,
1981. [Online]. Available:
http://www.dtic.mil/dtic/tr/fulltext/u2/a132588.pdf (visited on
04/28/2016).

[53] H. Okabayashi, I. Shimizu, E. Nishio, and C. J. O. Connor, “Diffuse reflectance
infrared Fourier transform spectral study of the interaction of

57



3-aminopropyltriethoxysilane on silica gel. Behavior of amino groups on the
surface”, Colloid and Polymer Science, vol. 275, no. 8, pp. 744–753, Aug. 1997.
doi: 10.1007/s003960050143. [Online]. Available:
http://link.springer.com/article/10.1007/s003960050143 (visited on
03/23/2016).

[54] J. M. Hollas, Modern spectroscopy, 4th ed. Chichester ; Hoboken, NJ: J. Wiley,
2004, 452 pp.

[55] G. H Aylward and T. J. V Findlay, SI chemical data. Milton, Qld.: John Wiley &
Sons Australia, 2007.

[56] S. E. Lappi, B. Smith, and S. Franzen, “Infrared spectra of , and D2O in the
liquid phase by single-pass attenuated total internal reflection spectroscopy”,
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 60,
no. 11, pp. 2611–2619, Sep. 2004. doi: 10.1016/j.saa.2003.12.042. [Online].
Available:
http://linkinghub.elsevier.com/retrieve/pii/S1386142504000022 (visited
on 05/25/2016).

[57] A. Botha and C. A. Strydom, “DTA and FT-IR analysis of the rehydration of
basic magnesium carbonate”, Journal of Thermal Analysis and Calorimetry, vol.
71, no. 3, pp. 987–996, Mar. 2003. doi: 10.1023/A:1023355016208. [Online].
Available: http://link.springer.com/article/10.1023/A%3A1023355016208
(visited on 03/23/2016).

[58] O. Cheung, P. Zhang, S. Frykstrand, H. Zheng, M. Sommariva, X. Zou, and
M. Strømme, “Nanostructure and pore size control of template-free synthesizes
mesoporous magnesium carbonate Upsalite”, Article Manuscript, Uppsala, 2016.

[59] B. M. Gatehouse, S. E. Livingstone, and R. S. Nyholm, “The infrared spectra of
some simple and complex carbonates”, Journal of the Chemical Society
(Resumed), no. 0, pp. 3137–3142, Jan. 1, 1958. doi: 10.1039/JR9580003137.
[Online]. Available:
http://pubs.rsc.org/en/content/articlelanding/1958/jr/jr9580003137
(visited on 03/23/2016).

[60] S. B. Hagstrom, “Kai Manne Börje Siegbahn”, Physics Today, vol. 60, no. 11,
pp. 74–75, Nov. 1, 2007. doi: 10.1063/1.2812132. [Online]. Available:
http://scitation.aip.org/content/aip/magazine/physicstoday/article/
60/11/10.1063/1.2812132 (visited on 03/15/2016).

[61] ALD, in collab. with M. Rooth, Feb. 15, 2016.
[62] F. J. Boerio, L. H. Schoenlein, and J. E. Greivenkamp, “Adsorption of

γ-aminopropyltriethoxysilane onto bulk iron from aqueous solutions”, Journal of
Applied Polymer Science, vol. 22, no. 1, pp. 203–213, Jan. 1, 1978. doi:
10.1002/app.1978.070220114. [Online]. Available: http:
//onlinelibrary.wiley.com/doi/10.1002/app.1978.070220114/abstract
(visited on 04/28/2016).

[63] S. Teir, S. Eloneva, C.-J. Fogelholm, and R. Zevenhoven, “Stability of calcium
carbonate and magnesium carbonate in rainwater and nitric acid solutions”,
Energy Conversion and Management, vol. 47, no. 18-19, pp. 3059–3068, Nov.
2006. doi: 10.1016/j.enconman.2006.03.021. [Online]. Available:

58



http://linkinghub.elsevier.com/retrieve/pii/S0196890406000987 (visited
on 05/31/2016).

[64] G. Chen and D. Tao, “Effect of solution chemistry on flotability of magnesite and
dolomite”, International Journal of Mineral Processing, vol. 74, no. 1–4,
pp. 343–357, Nov. 19, 2004. doi: 10.1016/j.minpro.2004.04.004. [Online].
Available:
http://www.sciencedirect.com/science/article/pii/S0301751604000171
(visited on 05/31/2016).

[65] M. Santamaria, F. Di Quarto, S. Zanna, and P. Marcus, “Initial surface film on
magnesium metal: A characterization by X-ray photoelectron spectroscopy (XPS)
and photocurrent spectroscopy (PCS)”, Electrochimica Acta, INNOVATIVE
ELECTROCHEMISTRY ENTERPRISING SCIENCE Selection of papers from
the 57th Annual Meeting of the International Society of Electrochemistry 27
August-1 September 2006, Edinburgh, UK, vol. 53, no. 3, pp. 1314–1324, Dec. 20,
2007. doi: 10.1016/j.electacta.2007.03.019. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0013468607003787
(visited on 06/11/2016).

[66] G. Jakša, B. Štefane, and J. Kovač, “Influence of different solvents on the
morphology of APTMS-modified silicon surfaces”, Applied Surface Science, vol.
315, pp. 516–522, Oct. 1, 2014. doi: 10.1016/j.apsusc.2014.05.157. [Online].
Available:
http://www.sciencedirect.com/science/article/pii/S0169433214011982
(visited on 04/22/2016).

59



9 | Appendices

Appendix A

ALD

The full description of the ALD experiments with pulses is presented here. All
experiments were conducted at 150 ◦C in the reaction chamber. The bottle containing
ethanol and water could not be heated, but had cooling sinks keeping the temperature
at approximately room temperature (RT). A standard after-treatment consisting of
vacuum storing at 10 hPa - 30 hPa at 150 ◦C for 1 hour was been performed after every
deposition. The numbers in the tables are in seconds.

Table 9.1: The ALD experiment A1. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2
1800 0 0.2 8

×5

Table 9.2: The ALD experiment T1. The APTMS bottle was heated to 140 ◦C.

APTMS N2 H2O N2
1800 60 0.2 60

×5

Table 9.3: The ALD experiment S2. The APTMS bottle was heated to 120 ◦C.

APTMS N2 APTMS N2 H2O N2 H2O N2
0.1 2 0.5 3000 0.1 5 0.1 300

×100 ×1 ×10 ×1
×5

Table 9.4: The ALD experiment A2. The APTMS bottle was heated to 120 ◦C.

APTMS N2 APTMS N2
0.5 6.0 0.5 6.0

×5
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Table 9.5: The ALD experiment S2W. The APTMS bottle was heated to 120 ◦C.

H2O N2 APTMS N2 APTMS N2 H2O N2 H2O N2
0.1 300.0 0.1 2.0 0.5 3000.0 0.1 5.0 0.1 300.0

×10 ×100 ×1 ×10 ×1
×5

Table 9.6: The ALD experiment S2W. The APTMS bottle was heated to 120 ◦C.

H2O N2 APTMS N2 APTMS N2 H2O N2 H2O N2
0.1 300.0 2.0 6.0 2.0 600.0 0.1 6.0 0.1 300.0

×5 ×100 ×1 ×10 ×1
×5

Table 9.7: The ALD experiment S3. The APTMS bottle was heated to 120 ◦C.

APTMS N2 APTMS N2 H2O N2 H2O N2
0.1 2.0 0.5 1800.0 0.1 5.0 0.1 600.0

×100 ×1 ×10 ×1
×5

Table 9.8: The ALD experiment L1. The APTMS bottle was heated to 120 ◦C.

APTMS N2 APTMS N2 H2O N2 H2O N2
1.0 5.0 1.0 1800.0 0.5 10.0 0.5 600.0

×100 ×1 ×10 ×1
×5

Table 9.9: The ALD experiment L2. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2 H2O N2 H2O N2
1.0 5.0 1.0 1800.0 1.0 10.0 1.0 600.0

×100 ×1 ×10 ×1
×5

Table 9.10: The ALD experiment L2W. The APTMS bottle was heated to 140 ◦C.

H2O N2 APTMS N2 APTMS N2 H2O N2 H2O N2
1.0 300.0 1.0 5.0 1.0 1800.0 1.0 10.0 0.1 600.0

×10 ×100 ×1 ×10 ×1
×5
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Table 9.11: The ALD experiment L2C1. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2 H2O N2 H2O N2
1.0 5.0 1.0 1800.0 1.0 10.0 0.1 600.0

×100 ×1 ×10 ×1
×5

Table 9.12: The ALD experiment S4. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2 EtOH N2 EtOH N2
0.1 2.0 0.1 300.0 0.1 5.0 0.1 300.0

×100 ×1 ×10 ×1
×5

Table 9.13: The ALD experiment S4E. The APTMS bottle was heated to 140 ◦C.

EtOH N2 EtOH N2 APTMS N2 APTMS N2 EtOH N2 EtOH N2
0.1 6.0 0.1 300.0 0.1 2.0 0.5 3000.0 0.1 5.0 0.1 300.0

×10 ×100 ×1 ×10 ×1
×5

Table 9.14: The ALD experiment L4. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2 EtOH N2 EtOH N2
1.0 5.0 1.0 1800.0 1.0 10.0 1.0 600.0

×100 ×1 ×10 ×1
×5

Table 9.15: The ALD experiment L4E. The APTMS bottle was heated to 120 ◦C.

EtOH N2 APTMS N2 APTMS N2 H2O N2 H2O N2
1.0 300.0 1.0 5.0 1.0 1800.0 1.0 10.0 0.1 600.0

×5 ×100 ×1 ×10 ×1
×5

Table 9.16: The ALD experiment L5. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2
1.0 10.0 1.0 600.0
×100 ×1

×5
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Table 9.17: The ALD experiment S5. The APTMS bottle was heated to 140 ◦C.

APTMS N2 APTMS N2
0.1 2.0 0.5 600.0

×100 ×1
×5
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Appendix B

RAMAN analysis

Two representative RAMAN spectra are presented in Figures 9.1 and 9.2. The only
significant change is the peak around 2800 cm-1 corresponding to CH2 stretch, thus
indicating presence of aminosilane. A Boson peak is present around 100 cm-1 and the
peak at 1100 cm-1 correspond to the carbonate group. The big peak between 1100 cm-1

and 2000 cm-1 could indicate carbonate and methyl groups.
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Figure 9.1: The RAMAN spectra of L2.
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Figure 9.2: The RAMAN spectra of batch 3.
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Appendix C

FTIR comparison

The FTIR results of the ALD cycles containing water pulses are presented in Figure 9.3
and shows no indication on formation of the protonated -NH3 groups.
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Figure 9.3: The FTIR results shown with the substrate subtracted. S2 (blue), S2W (red), L2
(grey) and L2W (black) all have a peak at 1598 cm-1 indicate NH2 groups. L2 also indicate
more loosely bonded amine groups.
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Figure 9.4 shows no indication of NH+
3 groups, which would lie around 1625 cm-1.
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Figure 9.4: The FTIR results of the APTMS liquid measured in ATR mode.
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Appendix D

XRD analysis

XRD analysis post water cycling 10 times has been made and are presented in Figure
9.5 and 9.6. They display some peaks, suggesting a partial crystallization, but with the
larger bulk still x-ray amorphous.

(a)

(b)

Figure 9.5: (a) The x-ray pattern of L2 before exposure to humid atmosphere.
(b) The x-ray pattern of the same sample after being cycled 10 times.
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(a)

(b)

Figure 9.6: (a) The x-ray pattern of S2 before exposure to humid atmosphere.
(b) The x-ray pattern of the same sample after being cycled 10 times.
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Appendix E

ASAP data

Data obtained from the ASAP analysis is presented in Table 9.18. The models estimating
the number of monolayers and silicon content are based on these data.

Table 9.18: Experimental values measured by ASAP, and used as basis in the two developed
models.

Substrate Sample BET area [m2/g] Uncoated Pore
Volume [cm3/g]

Coated Pore
Volume [cm3/g]

Difference Pore
Volume [cm3/g]

Batch 3, calcined L2 333 1.1 0.9 0.3
Batch 3, calcined L2W 331 1.1 0.9 0.3
Batch 2, calcined L4 375 1.0 0.8 0.2
Batch 2, calcined L5 389 1.0 0.8 0.2
Batch 1, calcined S2 413 1.3 1.0 0.3
Batch 2, calcined S2W 56 1.0 0.1 0.9
Batch 2, calcined S5 363 1.0 1.0 0.0
Batch 1, calcined VPG APTS,

150 ◦C 5 h
299 1.3 0.7 0.6
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