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Abstract

Geoengineering includes many techniques aimed to fight the global warming, which is one of
the biggest problems today. Even though aerosol injection into stratosphere is one of the most
promising solar geoengineering techniques, sulfate aerosols, whicsuggested for such an
application, show significant drawbacks such as infrared (IR) absorption and ozone
degradation. Here, a novel composite material comprised of diamonds dispersed in a silica
aerogel network is investigated and compared to pure siieaogel. Silica aerogels are
ultralight, highly porous, transparent and can host particles, while fulfilling particle size
limitation in terms of potential health risks for humans during respiration. In theoretical
models, diamond particles with high reftive index (2.41) showed outstanding up
scattering among other materials, witht IR absorption. Moreover, in recent years, the fow
cost production of silica aerogels suitable for large scale production has been developed and

diamond powders can be purased at low cost in ton quantities.

Before doping of the silica aerogels, diamond part of the composite was studied since the
diamond is outstanding light scatterer and also for future applications of the diamond
particles.Two types of diamond particlesere usedhigh pressure high temperature (HPHT)
microdiamonds (500nm in size) and detonation nanodiamonds (DND$§)r{m in size). Raw
HPHT microdiamonds were treated witluhdecene and zirconia beads and nuclear magnetic
resonance (NMR) arfeburiertransform infrared FTIRspectroscopy were used to detect the

alkyl groups on the surface of the treated HPHT microdiamonds. Both HPHT microdiamonds
were free ofgraphitic sg carbon (Raman scattering). Nanodiamond colloids, originaR4

(as purchased)rad diluted 1wt%, were studied in terms of Zeta potential, pH and dynamic
light scattering (DLS) measurements to assess the stability of nanoparticles. The results
suggest that nanodiamond colloids are not stable in air or after dilution as the pariggids t

to agglomerate.

Both micre and nanodiamonds were added to tetraethoxysilane (TEH2S¢d silica aerogels.

In case of microdiamonds, concentrations of 500, 700 andp@d® of diamond particles in

the precursor sol before gelation were used. It wasestied that the higher the diamond
concentration in the sol, the final aerogel contained more wt% of diamond, with the maximum
concentration of ~ 3.®t% according to Xay diffraction (XRD). The nanodiameaoped
silica aerogel contained~5wt% of diamad in the final aerogel. It is suggested that the small

size of the nanodiamond particles allowed them to incorporate well in the aerogel network



and not to be washed away during solvent exchange step. Furthermore, aerogel with
nanodiamonds increased theudace area compared to the both pure aerogel and
microdiamonddoped silica aerogel, possildee to similar size of diamond to silica particles
that did not disturb the gelation of silica. Although DNDs are not suitablsolar scattering

due to graphitic spcarbon, DNDs were used in order to study the doping of aerogels with
diamonds. Additionally, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were used to observe the porous aerogel formation and doping with

diamond patrticles.

The ultraviolet UV)/Visible (Vis)Near infrared (NIR diffuse reflectance showed that
composite microdiamondioped silica aerogel has an improved reflectance compared to
microdiamond powder or pure silica alone. The fall sp@ed calculated to estimate how long
the measured materials would stay in the atmosphere before sedimentation. Treenelok
results are promising and could stimulate furtherdapth studieswith similar materials with

a potential for applications in solar geoengineering.
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Chapter lintroduction

Geoengineering has emerged as a tool to mitigate global warming by either direct carbon
dioxide removal or solar radiation management (SRM) Mount Pinatubo (Philippines)
erupted in 1991releasingsuffur dioxidein the atmosphere. From there, sulfate aerosols as
H.O-H,SQ droplets were formed, which scattered solar radiation from the Earth. Following
the volcanic eruption, a shotived reduction in global temperature of ~ 0.5 K was obseérv

in 1992, only for the temperature to return to the value prior to the eruption in 1925.
Although the cooling effect was recorded shortly after the volcanic event;temg risks of

such sulfate aerosols remain. As a consequence of a high aerosol concentration, large particles
form by condensation, decreasing the effectiveness of the aerfand shortening the
aerosol lifetime dueto faster settling[4]. In addition, such aerosols can cause acid rain,
catalyse the degradation of ozone,danesult in a decrease in solar panel productiyay.
Nevertheless, the cooling effect of sulfate aerosbiss inspired the aerosol injection
technique to become one of the most prosperous SRM methods due to itetfestiveness

and potential rapid deploymerib].

Titania (anatase and rutilphase), silicon carbide, diamond, alumina, silica, zirconia, calcite,
soot, and sulfuric acid were previously proposed to be used as geoengineering aerosols and
were included in various theoretical modd&8]® Y Sdzi a OKQa 3INR dzLJ FNRY
has launched Stratospheric Controlled Perturbation Experiment (SCoPEX) using calcile (CaCo
to study the effect ofthese aerosols on the atmosphe@® 10] High refractive index aerosols

are believed to significantly improve tggattering, and in casaf diamond paticles between

0.05-0.7 um are predicted to be the most effici€idq.

Although both silica and diamond have been proposed for geoengineering aerosols with
intention to reflect light and subsequently reduce heating, they have never been combined or
compared. The novel composite could benefit from the good proes of individual
materials. Diamond has exceptional properties such as a high refractive index (632,41
absorbs minimally in th&R and it is nortoxic (biocompatible]11]. It is thus believed that it
might outperform other proposed aerosol materials. Silica aerogel is-ptiraus, light,
transparent, low cost and netoxic [12]. Silica aerogels have recently been proposed to be
used inspace engineering because they strongly attenuate harmful UVA and UVB radiation

(280400 nm)[13] and another study showed that it does not degrade under UV exposure
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[14]. Additionally, silica was determined to be suitable for doping with various nanoparticles,
where the nanopatrticle optical properties are sustainedhe final doped aerogdll5]. The
composite struatires made of silica aerogels with different carbon nanostructures in the form
of nanotubes, nanofibers, and graphene have also been develfi@dIn addition, PMs
aerosols (particles smaller than 2.5 um) are considered harmful for humans during respiration.
Nevertheless, it is suggested thaiet aerosol particles should be within a size range of - 0.1

1 pm in order to minimise health risk&7].

The silica aerogel powders can be now produced on a large bgalow cost at ambient

pressure drying processing, due to usage of low cost soly&8t20]. In addition, diamond

powders (prepared biAPHTand detonation synthesis) can be purchased in ton quantities, at

low cost. In addition, diamud-silica composite materials, withtra-light weight (due to low

density) are expected to stay longer in the stratosphere than pure diamonds before settling
R2gy (2 GKS GNRLRALIKSNE YR GKS 9 Nakioya & dzNJF |
using diamond patrticles smaller than 100 nm as dopants this material could also ensure that

the overall particle range is withia.1-1 pm range.

A weltknown fact is that the blackbody radiation emission from Sun and Earth peaks in the

UV/Vis and IR range tiie electromagnetic spectrum, respectivdgBa]. The solar aerosols

therefore enable cooling by scattering of tsenlight in the shortwave and transmission of

GKS 9FNIOKQ&a NIRAIFGAZ2Y Ay GKS f2y3gl @dhat & LISOG N
silica aerogel would serve as a host and act as lawst scatterer, while diamond dopant

would be a highly efficient upcdterer with improving the IR transmittance. The main line of

study presented inthis thesis is doping of silica aerogel witano- and microdiamond

particles. Additionally, different applications of microdiamond particles and nanodiamond

colloids are explored as well in this thesis.
The researclmypotheses that have been investigatedtins thesis are:

1) Shaking treatment of HPT microdiamonds in-Gndecene and isopropanol with

zirconia beadeads to functionalization of microdiamonds particles with alkyl groups

2) Stability of detonation nanodiamonds in a colloid decreases with dilution and upon

exposure to ambient air and parlesagglomerate



3) Silica aerogel can be successfully doped with paar@ microdiamonds, where

nanodiamonds can be incorporated in final silica aerogel with higher content

4) Achieving dw bulk density and high surface area of the naand microdiamond

doped silica aerogels

5) Improved reflectance of microdiamordbped silica arogel in the UM VIigNIR
wavelength range compared to the pure microdiamond powderpristine silica aerogel

alone
The objectives of this thesis are:

1) Shaking of HPHT enodiamonds in dundecene and isopropanol with zirconia beads
and characterization of raw and treated microdiamonds, including nuclear magnetic

resonance (NMR) spectroscopy to observe the surface groups on diamond patrticles

2) Zeta potentialpH and DLSsize distribution measurements of original 4 %t and

diluted 1wt% nanodiamond colloid up to 6 days in order to evaluate the colloid stability

3) Doping of the silica aerogels with naremd microdiamonds and evaluation of aerogel

properties, includindBETsurfacearea,XRDand SEMand TEMimaging
4) Evaluation of fall speed and density of the microdiamaiaghed silica aerogel
5) Optical measurements of the prepared diamond/silica aerogel composite
This thesis contains seven chapters and the structupeeisented below.

Literature review is presented in Chapter 2, where the relevant terms of solar geoengineering,

as well as the main properties of diamond and silica aerogel material are shown.

Chapter 3 shows experimental procedures and principles of cheniaation techniques with

measurement conditionased for our samples.

Chapter 4 presents the functionalization treatment of HPHT microdiamonds vatidécene,
with characterization techniques that look at the diamond particle size and shape, andesurfac
before and after the treatmentAlkyl groups attached on the particle surface has been

reported to tune the decay time of fluorescent particl@g].

Raw microdiamonds discussed in Chapter 4 are added to the silica aerogel before gelation in
different concentrations and the data are shio in Chapter 5. The properties of the doped
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aerogels are compared to the pure silica aerogel. Finally, the optical properties of the pure

microdiamonds, silica aerogel and microdiamedaped silica aerogel are presented.

Chapter 6 shows the characterizati of detonation nanodiamonds that form the
nanodiamond colloid with positive zeta potential. Also, the comparison betwegt¥s (the
original and denoted as a stable nanodiamond colloid by the supdb&cCarbon Institute,
Japan) and 1 wt% (the diluteddlloid in terms of zeta potential, pH and DLS patrticle size over
a period of 6 days is presented. It has been previously repd2gjthat these nanodiamond
colloids (from Nan@arbon Institute, Japan) agglomerate upon dilution which is contra
intuitive. The aim of the Chapter 6 is to try to explain the reason for agglomeration of
nanodiamonds upon dilution, including the study over a period of time, that has ndiegst
reported. Furthermore, silica aerogel doped with detonation nanodiamonds and properties of

the doped aerogel are discussed in this chapter.

The most important results obtained in this work, as well as the future work such as
recommendations for imprament of the diamond/silica aerogel composite are presented in

Chapter 7.



Chapter 2. iterature review

This chapr presents theory behind solgecengineering angbrovides literature review of the
solar aerosols, silica aerogel and diampadd discusses the reason for choosing a diamond
silica aerogel composite material for tihDproject. Firstly, some relevant terms from the
geoengineering theory were shown, after which a closer look at the dgwioperties of a

solar aerosols was pvaled. The current state of art of solerosolmaterials was reviewed.
Diamond and silica aerogel main characteristics were briefly given with the emphasis on
optical properties for the solar aerosol application. Furthermore, potential optical appficatio
for diamond in silica aerogels in the future were shown. Additionally, properties of

nanodiamond colloids and their application in device fabrication were discussed.
2.1 Solargeaengineering

Human activities on the Earth have led to global warming causedrbwth of human
population and economieR4]. A global shift in which extreme warm periods are occurring
much more frequently than cold periods for most of the planah be observed3gnificant
changes in precipitation patternsan also be seerresulting in an increased occurrence of
flooding, droughts, wildfires, as well as rising sea levels, due to the melting of ice within polar
regions[25]. Common & polluters are greenhouse gass@SHG)(carbon dioxide(CQ),

methane(CH), nitrous oxidgN20)), black and brown carbd26].

Some serious actions to mitigatglobal warmingdate back to 1990¢see Figure2.1). The
Intergovernmental Panel on Climate Change (IR@€)Younded in 1988 with the aim to give
scientific insighinto climate change. Since then countries have been trying to cope with global
warming through agreements to cut the air pollution, enhancement oéagesh in this field,

etc. The 1st IPCC repavas published in 199[25]. After that, theUnited Nations Framework
Convention on Climate Change (UNF@@€)established in Rio de Janeiro in 1§82Under

this body Kyoto(2005)and Parig2015)accordsvere establishedThe 5th IPCC repont2014

published that humans have been responsible for global warming witéh @8&rtainty[3].



United 190 contries

Nations abide to the
IPCC Framework 5th IPCC Paris
founded Convention report agreement
1988 1992 2014 2021
1st IPCC Kyoto Paris agreement
report Protocol 2015
1990 2005

Figure2.1: Global warming timeline and significant dates for a fight against it

TheKyoto Protocol was announced in 19f22], but onlyratified in 2005with 192 parties
involved It is legally binding for developed countries, but some big parties such as the US
never ratified this. By signing this, countries are obliged to commit to the emission target
established by the accord that céwe traded among the countrie¥heParis agreemeni24]

is more flexible than Kyoto and extends to all countries (197) in the world including developing
countries and no pentés are enforced.nl the most optimistic scenarimodels suggest that

the damage however,cannot besuddenlyreversed[27].

Paris aims to prevent the global average temperature rise abd@above preindustrial

level, although trying to halt it to 1.%C. Also, the Paris agreement allows all countries to set
they own emission goal known as national determined contribution (NDC) and report every
five years contrary to the Kyoto Protocol, whe no clear timeline was set. Furthermore, the
beforementioned agreements not only aim to reduce the amount of greenhouse gases
emitted, but also support the efforts towards sustainable and clean development for each

county|[28].

In practice, following the protocols is not straight forwardedo the concern thathey would

weakenthe economiesof many countriesFor instance, the US declared to have an intention

of leavingthe Paris agreemer017[24], while in2021 BRSyYy Qa I RYAYAAGNI GA 2y |
recommit to the Paris accords for the leading polluters, only Iran, Iraq and Turkey have not

ratified the Paris agreement, with Turkey being the last G20 country not to have done it, while

Russia officiallyoined it in 2019. To date only 7 countries out of 197 have not signed the
accord[28].



2.1.1Blackbody radiation

A true blackbody absorbs all incident radiation, without refilegany of it. It also emits energy
with the maximum intensity dependent on temperaturéhe Sun and the Earth are near
0fF O102RASad ¢KS GSYLISNI GdzNB i GKS
9 AviidgK Q &

perfed] { dz
in the UV, Visand IRelectromagnetic energy rangede Figure2.2a). ¢ K S
temperatureat the surface is about 288 K, and therefore, the outcomautiation is thermal
IR(>2.5um). TheSun being the hotteand largetbody emits more energy than the Earth and
its emission peaks at shortevavelengths. In other words, the radiation from tisain that
reaches the Earth is mostly made up of UV, Vis and-#R(@&.7532.5 um radiation and the
radiation that is coming back from its surface is mostly therlR4P1]. Figure2.2b shows
attenuation of the sunlighisA & LJ a4dSa GKNRdzZAK (GKS 91 NIKQ&
from ozone oxygenand nitrogen gagin the UVbelow0.28um) and water vapour and carbon

dioxide (in thesolarIR). Visible light is mostly transmitteahd it reaches the sea level
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taken from[29].

Near UV radiation from the Sun contains -AYUVB and UM radiation.Unlike UVA
(0.3%:0.38um) and UVB (0.29%0.32um) energy, which is responsible for tanning or cause
sunburn, respectively, UE (0.250.29um) is far moredangerous to life on Edrt Ozone
absorbs in the parts of U&Z and UMB in the stratosphere, from 0.17 to 0.3#n, preventing
it to harm the life on EarthOzone destructiorhas a devastating effect on speciesahlting

the Earth allowing more of the harmful radiation to pass throuf@i].



The balance between the fraction of light that comes in (heating) and that is reflected back
(cooling) is known as radiativealance. Radiative forcing occurs when that balance is
disturbed[26]. Albedo or reflectance is the ratio of total retted radiation to total incoming
radiation to the Earthj7]. Therefore, the increase in albedo meardecrease in temperature

[26].
2.1.2Geoengineering

Geoengineering includes carbon dioxide remof@DR and SRM The proposed methods
shouldbe effective, affordable, quick to develop, and human and environmentally €&
directly removes carn dioxide from the atmosphere by afforestation, in situ silicate
carbonation, C@scrubbers, and fertilization of thecean[27], whileSRMreduces the amount
2F Ay O2YAy3 azf I NJshihck spadedfleciors (or2sunéhdes), adroNdl K Q &
injection, surface and cloud albedo enhancemgt]. Notwithstandingheir potential more
research is neeellin order to evaluate all thplausibleeffectsthat aerosol might have on the
stratosphere chemistr{B]. It is suggested that aerosol geoengineefiyag greatpotential to
becone the most costeffective method of all SRM approaches, as wehasngthe fastest
deployment[5]. Budykdfirst proposed this approach witthe use of sulfate aerosols inrder

to mitigate climate chang¢30]. Moreover, Crutzenstates that geoengineering should be
employed in order to buy the humankind some time unitiis figuredout how to fully

eliminate greenhouse gases in cdlse positive effects overcomthe negative side effectfgl].

Mount Pinatubo (the Philippines) erupted in 1992 releasinfur dioxide in the atmosphere.

Sulphuric acid is formed by oxidation of sulphwade. From there, sulfate aerosols agOH

H.SORNR LX Sda INBE FT2NN¥SRZ 6KAOK aoOFiusSNI GKS A3
injecting aerosols in order to decrease the global temperature comes from this §/ént

Following the volcanic eruptigrthe decreasein the global temperature of 6.5 K was

20 aSNISR> odzi 2yfteée FT2NJ I Fdugnbdio the Sl defore KS 9 | NJ
eruption in 1995[2]. The reason behind this iglso the biggest disadvantage of sulfate
aerosolsNamely, these aerosolbsorb IR light and compensate tbe initial cooling. Also,

with high aerosolgoncentration large particles are formed by condensation, decreasing the

aerosol effectiveness, as well @asusingacid rain and catagmgozone destructiorj3].



2.1.3Aerosoproperties

Atmospheric aerosols are various atmospheric particles #natin the range from 2m to

10um. Due to their size, thegan stay in the atmosphere for a long time atndvel long
distances, taking part in many chemical reactions and las#y influencee human health,
climate and environment on th&arth[5]. Theyare typicallyin either solid or liquidphase

Their origin might be either natural or anthropogenic, while their presence in the atmosphere
may occur directly (primary emissions or particles) or their formatiay arise from chemical

and physical reactions of emitted gases in the atmosphere (secondary emissions). An example
of primary particles are sea salt and dust particles, while sulfate aerosols obtained,by SO

oxidation are arexample of secondary particl§s].

Figure2.3 shows valus possible scenarios that could occur when light reaches the particle
such as a diamond particld.ight absorption is not considerdaere and will be taken into an
account for when the scattering efficiency of an aerosol is discusse€(sg#er2.1.3.1) The

light can beeither reflected, refracted or diffractedrdm the particle ¢ KS NI & AQ | 6 St
represents reflection of light othe surface othe particlewl &8 W. Q Aa NBTFTNI O !
the particle, and then again when it leaves| £ R 8iffracted off tke surfaceof the particle.

Ray W SiJirstly refractedupon entry to the particle followed by double internal reflection
andfinallyrefracted when it leavethe particle, while rayy £dversthe similarpathvia single
internalreflection. The light is mostly scattered forwards, dhd rest of the light is scattered

sideways and backward21].

A Sidescattering

B
k Forward
: scattering
/ A )
Backscattering D Sidescattering

Figure2.3: Possible scenario of light interfering with a partiaieage taken from{21].

Single internal reflection gives rise to light being scattered in the backward dirg@ts@n

Figure 2.4) which is Eay in the Figure2.3. The forward scattering occurs when light is



diffracted or double refracted. From the stratospheric aerosol point of view backscattering is
equivalent to the upward scattering. For tleairrent work, backscattering is of interest

because it reduces the amount of light frdire Sun to heat up the Eartj21].

Backscattering Forward scattering

"_‘Q:i‘j __
= >
@, - __
Figure2.4: Back and forward scatteringmage taken fronj21].
Il OO2NRAY3I G2 (GKS {yStftQa gy
¢ OB+ & OEH (2.1)

where¢ ande¢ are refractive indices of two mediums ardand— are angles of incidence
and refraction respectively Fom Figure 2.5, if € ¢ , then — — according to the

equation 2.1.

a) Refracted ray

n,

Incident ray

Reflected ray

Figure2.5: Theincident angle is: a) smaller, b) equal, and c) greater than the critical,angle

image taken fronf31].

The useof diamond aerosols in thatmosphee for light scattering is studied in this workhat
means that damond is surrounded with air, which has a lower index of refraction than

diamond.A critical angle above which total internal reflection will occur can be defined as

— OET —OHRdnM (2.2
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where —, is a critical angle o& ray exitinghe diamond particleg and& are refractive
indices of diamond and air (atmosphégre € ,respectively. In case-is equal or greater
than —;, internal reflection take placeNamely, in ordefor internal reflection to occur,—

must be equabr greater thand 71
2.1.3.1Mie patrticle size for solar aerosols

Light scattering from aerosols (majority of them) follow Mie theory, because dhegimilar
in size tathe incoming light wavelength. It is possible to calculate the scattering from a single
particle (single scatter albeddY"Yjoknowing the complex feactive index for a spherical

particle is[5]:
a N OX©) (2.3)

where¢ and'Q arethe real andimaginaryindices of refraction{Q whichisused to calculate

the absorption extinction coefficient).

Also:
Y'YO —— (2.4

where0 is thetotal scattering andd is the absorption efficiency of the aerosol. The critical
"Y"Ywalue is -0.850.9 and it is dependent on the surface reflectance of dleeosol. Below
that value, aerosols will mostly absorb the light resuliimghe net positive radiative forcing,
while above that value, aerosols will cause net negative radiative forcing YFgD p,

aerosols scatter all the incident ligfg].

Total scatteringd) hequals forward scattering) , and backward scattering, , with0 being

of interest for aerosol engineering. A soot particle which mainly consists of carbon black is
taken for an example of backward scattering and its relationship to wavelength efitiight

and a particle diametergeeFigure2.6). In this cas& of a soot particle is 94, while’Q is

0.66. The showmcident wavelength is 500m, and scattering efficiency can be calculating
for any other wavelength,_ , and particle sizeQ. Namely, whenQ ™ ‘' aQ7¥_ is
calculated it allows to read the scattering at the vali@zof the diameter on the diagram.
Smaller particles follow the Rayleigh scattering regime (< 10 nm in size) pattildesin the

range betweenlOnm to 10 um scatter according to the Mie theory, both staing and

reflecting the highest amount of radiation. Also, particles larger thanpuhOabide by the
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geometricregime of scattering, achieving a scattering plateau. The most intense scattering

and the difference betwee® and0 is the highest for garticle size of about 500m. In

case the radiation wavelength and the particle size are similar values, the most efficient
scattering is enabled. It can be also noticed that the soot particle significantly absorbs and
therefore the scattering efficiencg lowered. This shows that a desired solar aerosol should

have a size of 500 nm, given that the maximum solar radiation is at ~ B0 and should

not absorbthe incoming lighf21].

. o)
> :‘ Mie regime Geometric
Q m . regime
5 1.5 —"‘-'.:a L 0 i =t 1.5
0 = . . . ]
i T : /\_*%_- ]
C @ : N s N
s fE S 3
c C ' " 4 LT TPy
b= = = " ) -
m A - ‘. | QJ -l
ﬁo.j f— é . ‘.. f i - 05
8 E ,’, Q)f E
= 0 ’_"|“|||;.w‘| SEERRTTT AR B AR RTIT BRI )
0.01 0.1 1 10 100 1000

Particle diameter (pm)

Figure2.6: Total and forward scattering, and absorption for a soot partichage taken

from [21].

2.1.4Fall peed

In solar aerosol engineen not only the value of reflectance, but also the time that aerosols
would spend in the atmosphere before sedimentation, plays an important role in the cost
efficacy of the injected aerosols. Therefore, the fall speed, as a function of both particle radiu

and particle density, should be taken into account when calculating the fall time.

The formula for the fall speed,is[21]:

' ————0 (2.5)

where parameters are as follows particle radius,” density of a particle}, density of air,
‘(Qgravitational acceleration; dynamic viscosity dir, "Othe dimensionless Cunningham slip

correction
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2.1.5Solar Radiation Management considerations

The toposphere and stratosphere are the first and secofthe9 I NIi KQa | (Y2 aLXKS
respectively The stratospheric and tropospheric circulations are different in nature so that
horizontal (poleward) circulation without precipitations is typical falasisphere, while on

the other hand, troposphere has vertical motion with mixing and rain. Hence, the removal of

the particles from the stratosphere occurs by settling down caused by gravitation such that
larger particles fall faster (are removed fastam)the next atmospheric laydroposphere

where particles are finally removed within a week time from the atmosphérgingto the

motion in the stratosphere, clouds can survive a couple of years up in the stratosphere in case

of volcanic eruptions in théropics and for several months when eruption happen at higher
latitudes|3].

It can be concluded that the aerosol injection should occur in the Tropics, above the
tropopause (the boundary the troposphere and the stratosphere). The tropopatise lisyer

at ~ 18 km irthe Tropics, so it would be optimal to inject the aerosols @0-km above the
Earth[3]. Different means of injection are proposed such as: balloons, airplanes, aritidry

towers GeeFigure2.7). It is suggested that balloons are the cheapest opfRin

Figure2.7: Injection of aerosol in the lower stratosphere (on the mountain top for energy

efficacy): artillery, a tower, an airplane and ballopmsage taken fronj3].
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2.1.6Promising aerosol candidates

A materialthat can be used aan engineering aerosol should have high refractive index that
would give rise to effective upcattering[6]. The ideal refractive index is calculated to be 2.96
with an optimal particle radius of 7@m [7]. Absence of IR absorption is very important since
IR absorption would leatb warming and compensate for the cooling effect bysgattering.
Also,a goodcandidate for this application should lzematerialwith low densityin orderto

not fall to the Earthguickly, not toxic tothe environment and life on Earth and that largeale
production can be obtainefb]. Materialsother than sulfate aerosols, such as solid aerosols,
would scatter incoming radiation more efficiently (per unit mass) due to greater refractive
indices than sdiate aerosolsand high refractive index would lead to less forward scattering
[7, 32] It is suggested that reactions involved in ozone depletion, are promoted by water or
ice. Absence of water on aerosol surfacean significantly slow down these reactions,

indicating tha hydrophobic aerosols angreferredfor solar engineeringyr].

Titania (anatase and rutile phassa)licon carbide, diamond, @hina, zirconia,calcite, soot,

silica andsulfuric acid are proposed to be used as geoengineering aerasdiiave been
included in various modelf-8]. Table2.1 sums up several proposed aerosols and their
respective refractive indices and proposed particle radii. The density values are given since it
is suggested that density might be of concern for the cost of the aerosol injection to the
stratosphere and fallpeed[7]. Silicon carbide, diamond and titard@atase are promising
candidates for solar aerosols due to high refractive index and low density.loWest
stratosphericheatingdue tolight absorptionhas been predicted inase of diamond8]. On

the other hand, rutile phse of titania and sulfuric acid, followed by anatase phase of titania
and silicon carbide are found to introduce warmidge to both short and longwave
absorption[3, 8] Calciteaerosols are proposed to react wikhth,, | ,{h,, | . andll / acids,
reducing the amount of harmful specigsiin the atmospherg9, 33] The model suggests that
along with inducing negative forcing, ozone dsjun will be eliminated[9, 33} Y S dzii 4 OK Q&
group from Harvard Universityas launche®CoPEx orderto assesshe influenceof calcite

aerosols on the atmosphefé0].
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Table2.1: Potential aerosols antheir proposed optimal radius based their refractive

indices and densiies[8].

Aerosol Refractive Optimal radius, Density(g cm?®)
index (at nm
550nm)

Titania (TiQ)-rutile 2.88 130 413
Titania (TiQ)-anatase 2.55 145 3.79
Silicon carbide (SiC) 254 150 3.21
Diamond (C) 2.42 150 3.51
Zirconia (ZrQ) 2.17 170 5.68
Alumina (AbOs) 1.77 215 3.98
Calcite (CaCs) 1.57 275 2.71
Sulfate (HSQ), 70 wt% 1.43 300 1.69

Another study shows that diamond is the better effectiveagatterer compared to alumina
and sulate, where the minimum ratio of down to up scattering is in the range of diamond
particle sizeof 0.05 to 0.7um (seeFigure2.8) [6]. In geoengineering, forward/backward

scattering of light is equal to down/up scatteringspectivelydescribedn Chapter 2.1.3
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Figure2.8: Down/upscattering of diamond is optimal for@s-0.7 pum image taken fronj6].
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To date, the aerosol field lacks an extensive study to determine whether diamond promotes
heterogeneous reactions that lead to ozone I§8 Furthermore, experiments need to be
performed in the laboratory since relife materials deiate from modek. For instance,
particles are not ideally spherical, they contain impurities and other defects. Health and safety
issues that use of aerosols might introduce should also be investigated. Namely, some
engineering aerosols, such as diamolade not naturally part of the stratosphere unlike

sulfate aerosol$8].
2.2 Silicaaerogels
2.2.1Properties and application

The definition of the termaerogelis used to denominate a gel structure where the gas
replaces a liquidusually either water or an organic solveatjd the structure stays about the
same(Kistler in 1932)34]. Silica aerogels are excellent thermal and acoustic insulators with
amorphous and highly porous ultralight 9% is air) brittle strutire. High specific pore
volume and rigid network of silica aerogels, along with transparency, make them suitable for
hosting different nanoparticles inside their structufEs]. Wide range of applications, silica
aerogels owe to the outstanding properties. In aerospacenmetogy, for instancethe
thermal insulating property was used to insulate eleaison the Mars Rover from the cold

[34]. NASA stardust collectors are based on high silica aerogel poi@4jty
2.2.20ptical properties

Silicaaerogel does not absorb in the UV/Vis/NIR up to 1400 nm, hence the interaction with

light consists of either transmittance or scatterifRpyleighscattering, thats proportional to
~P [35], occurs due to nanostructure of the silica aerogklso, since the Rayleigh

scattering is more pronounced for the shorter wavelengths, the transmittance takes over
scattering when going towardlonger wavelengths. Furthermoré&e transmittance and
reflectancespectrain Figure2.9 shows that thickness of the silica aerogel sample affects the
measurement, with reflectance being higher for the thickenonolithic sample.
Simultaneously, transmittance decreases with sample thickness. At wavelengths above
1400nm, a few distinctive absorption bands are present at waveleng#it00nm and
1900nm related to water and CQ36, 37] respectively, and~2300-2500nm related to GH

and SiO [36, 38] Also, in this rangef the electromagnetic spectrum reflectance and

transmittance measurements of silica aerogel are cmtelaed [39]. When the silica aerogel
16



and air have similar refractiiadices 1), as well as when the particle$ the silica aerogel
are smaller, higher transparency is achiew&ido the refractive indexof silicadepends orthe

bulk density of thesynthesisedaerogel,a lowerdensity wauld yielda lower refractive index

[40].
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Figure2.9: Hemispherical transmittance and reflectance for silica adragege taken
from [39].

2.2.3Synthesis

Kistler came up first with the term aerogel in 1932 when he used the supercritical method in
order to obtain aerogel. The procedure was based on heating thebgseathe supercritical
conditions (pressure and temperature) of liquid the gel was immersed in. Since the first
YAaluft SNRa FSNR3ISts Ylye OKFIy3aSa KIS o6SSy
improve it. Kistler used sodium metasilicate §8@s, waterglass WG as a precursor which
leads to formation of salt byproduct that needs to be removed later on and requires water to
alcohol exchange before the drying. In 1960s, Teichner included alkoxysilane precursors
(SI(ORy) where R is an alkyl and OR is an alkoxide group) in order to eliminate the salt
byproduct and avoid the exchange step, shortening the synthesis time. Utilization of carbon
dioxide as a drying agent was introduced in 1980s, removing the previously asedldrom

the process, making the synthesis safer. Alcoholgpatentially hazardoubecause they may

cause explosions under high temperature/high pressure condifids

The aerogel synthesi®mprises of three main steps: sgél process, aging and drying. Also,
asolvent exchange step is usually added between aging and drying, when the aging solvent is

replaced by the drying solvent. Thging solvent may also be the mother solution (the same
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as for solgel process), while the choice of the drying solvent depends on the following drying

method[12].
2.2.3.1Solgelprocess

The 3D poous nanostructured network is obtaindxy polymerizatiorthat leads to formation
2F aAf2El y&{ O NA RASHS SSY A{ A L+ d2Ya a2 GKIFG G
atom is linked to other Si atoms with four bonds by siloxane bridges. The transition from sol

(liquid) to gel (solid) is called gelation (or-gel transformation]12].

In case that the alkoxysilane precursors are used, gel formation occurs through reactions of

hydrolysis and polycondensation of water and alcdid].
Hydrolysis:
k 3E/ 2 (/ 9k 3E/( 2 [I( (2.6)
Polycondensation of water:
k 3E/( [/ ( 3&kK9k 3E/ 3Kk (/ (2.7)
Polycondensation of alcohol:
k 3E/ 2 /( 3KOk 3E/ 3Kk 2 [/ ( (2.8)

Since common alkoxysilandDS tetramethoxysilane (TMOS), etc.) are not completely
miscible with water, alcohols are usuakbylded to the mixture in order to provide full
miscibility 6eeFigure2.10) [41].
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Figure2.10: TEO®thanolwater ternary phasediagram image taken fronj41].

The primary particleshat are first generated connect with each other to form secondary
particles, giving rise to the finatructure. Both primary and secondary particles are bonded
to each other with siloxane bridgdd2]. StO ist 50 %covalent bond[34] which allows

1{ §A Ato have great deal of angle freedom for connection giving the random 3D structure
The bond is polarized so that Si has a small positive charge which gives risddwtreastion

kinetics unless hydrolysis and condensation reactions are acceld@ted

The silica particles are about 10 nm in size, while the pore sizes can fit into micropore (less
than 2 nm), nesopore (250 nm) or macropore (bigger than 50 nm) range. It is common for
silica aerogels to have all three types of pores rangiti@® nm with average pore diameter
being 2640 nm. The BET surface area istal000 n¥/g [41].

Acid and/or base catalysts are used for thegelltransformation, which could othervagake

up to a few days to be finishgd?2]. Acid catalysts are often HCI and HF, while, N&IF and

NHiF are often used as base catalysts. Also, different catalysts lead to different morphology
of the final aerogel. While acid catalyst increases the speed of the hydrolysis reaction that is
now faster than the condensation reactidhge condensatio rate is faster thathe hydrolysis

rate inthe case ofabase catalystThe acid catalyst gives polyrdée structure and the base
catalyst leads to colloidal gi84]. Twostep catalysation is &n used, when both acid and
base catalyst are added to the precursor [gdl]. Figure2.11 shows that basic pH gives faster

condensation than hydrolysj41].
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Figure2.11: Rate of hydrolysis and condensation against the spimpatje taken fronj41].
2.2.3.2Aging

Aging is employed after the gel formation in order to strengthen the gel by increasing the
number of bonds between secondary particles. The properties of the final aerogel are
improved compared to aerogel that is synthesised without the aging processigBiening

of the silica network occurs through neck growth, where surface particles first dissolve and
then re-precipitate on the neck of the secondary particles, amdDstwald ripening process,
where smaller particles dissolve and then precipitate on Higger particles deeFigure
2.12)[12].

Both mechanisms are driven hysolubility difference. Solubilityy is given by41]:

Y OYA (2.9)

where"Y is solubility of the solid phase the case of a flat surface, isthe energy of the
solidHiquid interface,w the solid molar volumeandi is the surface curvature. Neck region
of two linked particles has  1tand solubility is low compared to particle curvature that is
i . Hence, the neck growth occurs. The Ostwald process is basdiiggaeri and

consequently lower solubility of thieigger particles comparei the smaller one$41].
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Figure2.12: Primary and secondary silica aerogel particles; a) rate of neck growth, and b)

rate of Oswald mechanismimage taken fronj12].

2.2.3.3Drying

YoungLaplace equation describes the ctaniy pressured , that arises during dryingh2]:

0 — (2.10)
wherel isthe liquid surface tension—s thecontactangleandi s the pore radiudf either
surface tensions reducedor contact anglas increasedcapillary forces are decreasedllso,
bigger pores reduce the capillary pressure during dryliing liquidvapour meniscus appears
at the gel pore and gives rise to tension in the liquid and also a pressure on the pore walls.

Capillary stresses cause the shrinkage of the final aerogel by allowing hydroxyl and alkoxy
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groups to come closett{an they initially were) and form new siloxane bridges. This is possible

due to flexibility of the silica networfd4].

There are three common ways of drying the wet gel: evaporation, freegeg and

supercritical drying15].

In case oevaporation (ambient dryingAPD) strong capillary stresses cause the gel shrinkage
and the obtained structure is named xerogské¢ Figure 2.13a). The solvent is directly
evaporated from the gel when liguigas transition takes placedeFigure2.13b). Lowsurface
tension (LST) solvent such as &, heptane, octane and nonane can attenuate capillary
stresses, although not completely eliminating the effect. The surface tension increases slightly
from hexane (~ 18.4 mN/m) to nonaneZ1.8 mN/m) (water has 73 mN/m, respectively)

[43].
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Figure2.13: a) Drying of the wet gel and subsequent structures, and geptmgram of the

drying solventimage taken fronj15].

The springback effect and hydrophobic aerogels can be achieved by either silylati®iX(
functionalisation) ¢ee Figure2.14) or usage of organosilangrecursors (with SR groups).

Both are based on reducing the number o0& functionalities on the surface, which would
otherwise lead to further unwanted condensati¢h?]. The springback effect appears when

the gel (the internal surface of the gel) firstly shrinks due to capillary stress and then expands
back owing to silyl groups that do not condensptg]. Prakah et al successfully obtained an
aerogel using the surface modification wittimethylchlorosilane(TMCS]J44]. The gelation

was carried out from TEOS as a precursor, followed by gelaimgand washing in ethanol,
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after which ethanol was replaced with hexadter that TMCS was added in order to modify
the surface of the aerogel. In this way, sprwack effect prevents irreversible shrinkadd].
Commonly used alcohols are not completely compatible with alkyltrialkoxysilanes (e.g.
MTMS), which is less polar than aloth Therefore, surfactant can prevent macroscopic
phase separation leading to formation of the cage structure and allow the homogeneous

structure giving higher transparency of the final aerdgél.

+ HCI

TMCS
—_— CH
Non Mg Sl/
c “ \ \CH3
/ \CH]

Figure2.14: Silylation process wittnimethylchlorosiland TMCS)where grey spheres

represent silica aerogel particleasmage taken fronj34].

Although the capillary stresses angercome freezedrying giveslamaged aerogel network
known as cryogel, especially when water is used as a solseef{gure2.13a). During the
process, gel is first frozen and solvent transfotmigs crystal struture. After that, the solvent

is removed by sublimation (when the pressure is decreaseHigure2.13b) [15].

Finally,supercritical dryindSCDYives rise to completely preserved skeleton (aerogad (
Figure2.13a and b). Supercritical drying can be divided into two groups:-teigiperature
supercritical drying (also called HOT) in alcohol andtémperature supercritical drying
(COLD) in GOIn case of the COLD process, liquid in theiggetplaced by either liquid or
supercritical C®[34]. The COLD method is cheaper due to lower temperature and safer due
to nonflammable carbon dioxidg¢l2]. The temperature and the pressure are elevated
forming a supercritical fluid. Subsequently, th@essure is reduced under constant
temperature so that phase transition occurs without boundary involved. Supercritical drying
eliminates both capillary and crystallization forces. Also, it is important to bear in mind what
temperatures and pressures asglitable for both material and solvent, so that supercritical

conditions required for the solvent are not harsh for the matejla].

The solgel chemistry can affect the final aerogel structure and properties. Studies on variation

of pH of the waterglass (WG) sol on tliwal properties of the silica aerogel such as surface
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area, pore volume, average pore diameter and bulk density showed that when pH=4 or 5, the
hydrolysis is faster than condensation and good aerogel was obtfdoédHowever, for pH=6

and 7, codensation is fast and silica particles agglomerate giving rise to decrease in surface
area and pore size, and higher bulk density. Additionally, higher pH of the sol decreased the

transmittance of the aerogel due to inhomogeneous structure and biggea pificticleq46].

Different aging and drying parameters can also influence the properties of the final aerogels.
For example, the best results for an aerogging in mother solution (TEOS) were found for

up to 48 h and 8®0l% TEOS in isoproparfti?A), where average pore size, pore volume and
surface area increased, while shrinkage and bulk density decreased compared to shorter time
and lower concentration of TEQ®]. In another study, TEG&sed silica aerogels were aged

up to 24 h and at temperatures up to 76[47]. At APD, surface area decreases, although
remained higher than about 800%/g, while pore size and volumedrease with increased

time and temperature of aging for TE®&sed aerogel due to coarsening of the structi4rg].

At the same time bulk density decreases with prolong time and higher temperature of aging
because the stronger silica medrk can resist the capillary forcgs7]. SCD inherently does

not introduce capillary stress, so TEOS and WG prepared with SCD with varying aging
parameters does not change the bulk density of the final aerogel, although the surface area

follows the same decrease trefd7].
2.2.4Comparison of different precursors, solvents and modifiers

Table 2.2 shows the most commonly used precursors, their general properties and the
advantages and disadvantages that they imply for the potential use of silica aerogels as host
material for optical applications such as solar scattering. As mentioned above (S&dfjon
combination of largescale production and optimal propertiesuch as good transparendgw
densityand hydrophobicity are essentialThe mechanical properties amdonolithiaty are

not the concern in this work since the aerogels for solar scatteare aimed to be used as
aerosols in the atmospherdMOS, TEOS and WG precursors give transparent, hydrophilic and
lower density aerogels compared to methyltrimethoxysilane MNMTMS) and
methyltriethoxysilaneMTES) precursors that produce opaque and hptabic aerogels with
higher density48]. TMOShas the highest optical transparenfgg], but causes blindness and

it is expensivg50]. MTMS and MTES lead to hydrophobic aerogels without further surface
modification, but are opaque and expensi&, 51] and not the first choice for thimtended

optical application. TEOS and WG are the most-effsttive and suitable for industrial
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production, with WG being four times cheapd®]. In case of MTMS or MTES are used as
precursor, the final aerogel gains in regards hpdrophobidty, but loses transparency,
because othe phase separationCompared to TMOS and TEOS where Si is coordinated by
four OR groups, MTMS and MTES have one R groups and tHRegr@ups attached to Si.
Since SR does not take part in the hydrolysis reaction, this leads to a decrease in chain
bonding and hence morempty space within the network. Furthermore, because of this

MTMS and MTES aerogels are also flexible and hydropfidjic
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Table2.2: Most common silica aerogel precursors and the final aerogel properties

Mechanical

Density

Prearsor Structure formula Transparency Hydrophobcity Properties | glom? Pros Cons
o . Expensive,
Tetramethoxysilane T ¢ Highly may cause
7N T H hili H ittl A
(TMOS) O\ /O ransparent ydrophilic ard, brittle| <0 tranlfpstrent, blindness,
d hydrophilic
o O\/
Tetraethoxysil S5 N . . N
© ra(eTEogé? ane )o/ \& Transparent | Hydrophilic | Hard, brittle| <0.1 | Low cost, light| Hydrophilic
i Semi
Sodium Silicat t . . :
odium lllcae(wa e Na* |s|i Na* Transparent| Hydrophilic | Hard, brittle| <0.1 | Low-cost, light| transparent,
glass) o o hydrophilic
~. T
Methyltrimeth il w . Flexible, . E ive,
efhyltimethoxystiane O/S\O Opaque Hydrophobic exivie >0.1 Hydrophobic Xpensive
(MTMS) \ / soft opaque
o 0\/
Methyltriethoxysil N ¢ Flexible, Expensive,
ethyltriethoxystiane 7N Opaque Hydrophobic exivie >0.1 | Hydrophobic Xpensive
soft opaque

(MTES)
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Traditionally, silicaaerogel with WG were produced utilizing temchange step, where
sodium Né& ions are replaced with Hions [50]. Schwertfeger et aj52] used WG with
hexamethyldisiloane (HMDSO) and TMCS to produce an ambient pressure dried silica
aerogel HMDSOsi added after agindor solvent exchange ands drying solventln this
process, solvent exchange and surface modification occur at the same time badbe
immiscibility of hdrophobic HMDSO and water/HCI phdseeFigure2.15). Silylationoccurs

by attaching¢Si(CH)z groups from the TMCS in the HMDSO layer which grows during the
process In this way, the surface is modified and the water is pushed ot the pores and
decanted. After that, Lee et §3] improved the process by using IPA (isopropylalcohol) and
hexane solution instead of the more expensive option (HMDSO)yak/@nt. IPA with both
polar and nonpolar groups helps the phase separation between veateéhexand19]. Also,

a hydrophobic aerogel was reported from modification wathanolTMCS/heptane solution

[41]. Bangi et a[54] used tartaric acid during synthesis excluding the use okekrhange.
However, before modification with methanol/TMCS/hexane, washing is needed in twrder
remove salts (sodium tartarate) produced from the reaction of WG and the acid. Picking up
on that, Pooter et a[19] further modified the synthesis of silica aerogels integrating ion
exchange, solvent exchange and modificatioto a single step with HMDSO as solvent and
HNQ as catalyst, after which the organogel was decaritedh the aqueougphase Similarly,

Zhao et al[20] obtained a powdered silica aerogel in abouh 2using WG, hexane,
hexamethyldisilazanéHMDZ), HN@and IPAgeeFigure2.15b). Thepossibility of obtaining a
silica aerogel in such a short time and with foast WG and production process has immense
impact on commercial production of cestfective WGbased silica aerogel. The use of either
HMDSO or HMDZ with HN@s a catalyst results in no HCI as gpbyduct, which is very
corrosive and not suitable for industrial producti¢¥®]. Additionally, Han et 4L8] and Liu

et al[55] have also reported a lowost process with using TMCS, but not as a surface rmodif
starting from WG, TEOS and MTM$8hough this approach also uses TMCS for drying, TMCS
does not modify the surface and it is hydrophilic after drying. TMCS reacts with pore water
to obtain trimethylsilanol (TMS) and HCI, that is then combined withiuso bicarbonate
solution to yield NaCl, water and carbon dioxidegFigure2.15c). Carbon dioxide that is
formed during the process opposes the capillary pressure and prevents the structure
collapsingduring drying.The undesirable bproduct HCI of general surface modification is

eliminated and NaCl can be washed aE§]. Similarly, Lu et §b6] obtained a granulated
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TEOSased aerogel with ammonium bicarbonate @MI€Q) that gives rise to GGnd NH

gaseduring heating

a) T™MCS water/HCI

reaction of TMCS with
surface and water
phase separation HMDSO - water/HCI
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Silanol © c)
: Aqueous Evaporation
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Hydrophobic surface

Figure2.15: a) and b) Phasseparation and surface modificatipimages taken fronji20,

52], respectivelyand c) APD with sodium bicarbonataage taken fronj18].

In addition to commonly used precursors, literature reports some other precursors that lead
to transparent silica aerogel whichgaitablefor solar scattering application. Parale e{%I]

studied tetrapropoxysilanéTPOSpasal and TMCS modified silica aerogel that showed good
properties such as high surface area, low density and good transparency.
PolyethoxydisiloxangPEDS) silica precursor, which is basically polymerized TEOS, has long
been known for superior transparencyropared to TMOS and TEOS studied by Wagil et

[49]. When compared TMOS, TEOS and PEDS usingET®hows thehighestsurface area

and porosity, the lowest bulk density and the highest transpareridihe three, with values
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of 1100 ni/g, 97 %, 9&g/m® and 93% (at 900hm wavelength)respectively The price of
PEDS is a limiting factor for use on the larger Jé&lp

Another way to achieve hydrophobicity and retain transparency is to uggemursorbased
aerogels such as MTMS/TMOSJaVMTES/TEOS and MTMS/WG. The use of MTMS/TMOS
aerogel is limited to high cost precursors and hazardous TMOS, although good properties
have been reported58]. Pisal et a]51] managed to synthesise a MTES/TEOS aerogel with
50:50 precursor ratio that compromised between good surface area, hydrophobicity and
transparency. For example, when the ration shifted towards more MTMS, the final aerogel
had better surface area and hydropbicity, but transpareng decreased to 8% (at
wavelength 706m). Pan et gl59] studied MTMS/WG, among good hydrophobicity, surface
area and density, transparepavas not on that level reported for MTES/TEOS. Nah[60&l
compared different methoxysilane agents for surface modification, where
dimethyldimethoxysilane (DMDNSis suggested to be good silylating agent such as
commonly used TMCS and HMDZ.

2.2.50pticalapplication of the doped silica aerogel

Slicaaerogelcan be used fodoping with various nanopadles,while the optical properties

of the nanoparticles in the final aerogel remaji5]. Dopedsilica aerogels have been udsed
optoelectronics and to study photoluminescendeegarding precursors for these optical
applications, TMOS and TEOS have been [&edb2] The doping materials aimed for the
optical application are quantum dots and dyj@%]. The composite structures made sifica
aerogels with different carbon nanostructures in the form of nanotubes, nanofibers, and
graphene have also been develogdé]. Nanodiamonddoped silica aerogel was prepared in
order to study decay time of photoluminescence of the nitrog@cancy (NV) colour centre

in nanodiamonds in silicaerogel[63]. Furthermore, 8ica aerogel$ave a potentiato be
used in space engineeriage to attenuation oharmful UVA and UViBdiation 80-400nm)

[13] and another study showed that it does not degrade under UV expofl#k Zhou et al
have fdricated silica aerogel doped with carbon quantum dots, where rigid silica matrix
prevent agglomeration of carbon dots in the solid state, avoiding photoluminescence

quenching62].
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In this workTEOS$s choseras lowcost precursor leading to highly transparent silica aerogels

(see Chapter 5 and Chapter 6). Algois aimedto study the optical properties before

considering other aspectd an optimal solar scattering material.

2.3 Diamonds

Carbon can be found ifour different forms, from 6dimensional to &dimensional material

[64]:
1) 0-D or fullerene
2) 1-D or nanotube
3) 2-D or graphene

4) 3-D or diamond

All theseforms are based on $mnd sp® hybridization ofcarbon atoms(see Figure2.16).

Fullerene (&) is made out of 60 atoms, which give rise to 12 pentagons and 20 hexagon

eventually forming a icosahedronCarbon nanotub, as well as graphene, is?syybridize.

Multiple layered graphene is known as graphite. The strong covalent bonds are present within

the plane whilevan der Waals forces bond graphite layfg4]. The main difference betwee

diamond and graphite that the hybridization of diamond is, sphile graphitehas sp?
KEONRRAT I GAZ2Y & A (OKGYRKASS Srbitalsate gelcalzed éhd contain

electronswith highmobility makinggraphitea goodelectricalconductor[66].

Orbitals in an isolated C atom
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Figure2.16: Diamond and graphite hybridizatipimage taken fronj67].
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As mentioned above, diamond consists of bpbridized carboratoms witha coordination
numberof 4, forming a tetrahedror{seeFigure2.17). Indeed diamond owes its properties
to the strong covalent bonding of carbon atoni$eprimitive unit cellisa facecentred cubic
(FCC) lattice with 2 atom basisFrom one atom at a lattice point the second atom is located

at [111]a/4, where a is the lattice constarithe packing fraction 84 %][64].

Figure2.17: Diamond unit celimage taken fronj68].

Remarkable properties of bulk diamond such as electrical resistivity, chemical stability,
corrosion resista®@ S > 0A 202 YLI GAOAT AGE& ZowKhern® ¢xpansion , 2 dzy
coefficient andexcellentoptical propertiesare alsotranslated to nanodiamondgl1]. The

high thermal conductivity of diamond at room temperatuf@5W/(cmK))makesdiamond

extremely resistant to thermal shocsutperformingsilver and copper b factor offive [69].
2.3.10ptical properties of diamond

The symmetry of covalent bongsesent in diamond contributes to no interactions of light
(with lattice vibrations) in the infrare(bne-phonon region. Transparency region of diamond
covers the spectrum range from 225 nm (UV) to microwaves. On the other hand, higher order
IR absorptions present from 2.5 um (17064000 cmt)- multiple phonon absorption causes
weak dipole[69]. One diamond Raman mode is present at 1332.4 €605 pum). Diamond
exhibits high refractive index (standard n=2.41 at 589.29yeitow) in vighle with high
dispersion and no dispersion in [RO]. UV light is absorbed below 225 nm (5.50 &\t
matchesthe indirect bandgapf diamond[69].
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The most important optical property of diamond for geoengineering applicatiamd
therefore for this work isits ability to scatter of lighf69]. Diamond is chosebecause of its
high refractive index, along with other convenient properties suchtha&sabsence of IR

absorption[8] and non-toxicity [11].
2.3.2Diamond synthesis

Natural diamondsnainly get tothe 9 | NI K Qa & dzNF I OS 0 {4].Whe@afd 2 NJ Y
2NAIAYFEEe@ LINPRAZOSR | RSLIIK egftrfemewmssurey ¥ AY
(45560 kbar)and temperatureg90051300°) exist. When magma travelswards the surface,

it passeghroughthe zone where diamong presentin a stable formpicking them up to the

surface[64]. The other scenario is that diamond is brought up from the subduction zone when

rocks are raised again to the surfdéd]. Atthe9 I NI K Q& & dzNF | Ofsvauro02 y RA (i 7
graphite ratherthan diamond formation, but once produced, the temperature is needed to

be ~600°C in order for diamondo burn (e decomposed to carbon dioxifleAlso, he
graphitization temperature in vacuum s1500°C [69]). Theywere firstly mined in India,

Brazil and then in Hopetown, South Afrig#], while the main mining fields today are in

Russia, Botswana, Congo, Australia and Cajrdda

The hgh pressure hightemperature methodfor producing synthetic diamond was first
discoveredin 1955 [72]. After that, in 1971, the processvas modifiedby using the
temperature gradient as the driving force for the crystal groytB]. Syntheticdetonation
nanodiamonds were discoveraa attempts to studythe synthesis of diamond by shogkave
compression of nowiamond carbon materials (196A980s) [73]. Chemical vapour
deposition(CVD)nethod was introducedor fabricating diamond film on various substrates
in 1980469].

Figure 2.18 shows the stability conditions (pressure and temperature) of graphite and
diamond[64]. HPHT methods imitate the natural diamond synthesis.preeursorfor HPHT

is graphite that is transformed into diamond. When the catalyst is used in HPHT synthesis,
diamond can be produced alower pressures and temperaturesompared to the
convertional HPHT synthesisThis method is mainly used for diamond application in
machining tools such as drill bits and abrasives. Detonation synthesis is based on explosion of

carbon source precursors under extreme conditions in absence of oxygen, leading to
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nanodiamond formation[74]. Amazingdiamond properties are passed to nanodiamonds
which allow them to have wide range of applications (e.g. they can be used in
chromatography, magnetic resonance imaging, etc., while the doped diamond can be even
used for electrochemistry, batterseandcapacitors)74]. CVDprocess usepressures lower

than atmosphericand temperature up to about 10001400 Kwith gas as a precursor. The

CVDof diamond is used for producing opticaatings and element§s4], andheat spreades
for electronc deviceg69, 75]

120

30
@
S 25 d
p HPHT
3 ) :
fﬁj 20 Cafalytic | synlhe\sm
& HPHT ;)rntiesm \
15
Metastgble o
ICVD Diamond

0 1000 2000 3000 4000 5000

Temperature /K

Figure2.18: Phase diagram: diamond and graphite stability zomaage taken fronj64].

2.3.2.1High pressure high temperature

Figure2.19 shows the HPHT setupdeFigure2.19a) with HPHT celséeFigure2.19b). Two
pistons are used in order to produce the pressure conditions for diamond formation, while
heating element next to the pressure transmitting medium provide the required
temperature Growth cell containgot (upper) and cold (lower) region. Carbon source
(graphite) is placed in the hot region, whd@mond seeds are put on the bottom of the cell,
and the cell is coated with ceramic ppi®]. The solventcatalyst systenfFeCo, Ni)nitrogen
getters (Ti, Al) and inhibitors (Cu prevents TiC formation) are in between the two r¢gtdns
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Figure2.19: HPHT synthesis: a) HPHT setup, and b) the HPHmMagé# taken fron{72].

Thetemperature is in the range of 16&r00 Kwhile the pressure is ~ 6 GPa. As mentioned
above, the temperature gradient metllas used for the HPHT synthesis. The prooesars

by the dissociation of graphiteand due to temperature difference diamond is formed at the
bottom of the cell[72]. RT conditions control the crystal shape. For example, the shape
changes from cube to octahedral (and in betweenith an increasing temperaturg77].

HPHT microdiamondsre the subject ofChapter 4 and Chapter 5 of this thesis. In Chapter 4
both raw and 1undecenefunctionalized HPHT microdiamonds are characterized. Raw HPHT
microdiamonds are doped to silica aerogel in Chapter 5 and characterized, and for the first
time the optical reflectance of the pure microdiamond powder and microdiamond/silica

aerogel composités measured.
2.3.2.2Detonationsynthesis

The usual precursors for detonati@ynthesis are TNT -Bethyl1,3,5trinitrobenzene) and
RDX(1,3,5trinitroperhydro-1,3,5triazine) €ee Figure 2.20a) which are explosives with
negative oxygen baland@4]. Coolants are also needed for the process, hence detonation is
performed in presence of gases such asA, CQ or solid or ligid HO [74]. Shockwave

(zone I) induced by the precursor explosion leads to their decomposition (zone Il) due to high
temperature and pressuresée Figure2.20b and c).Zone Il indicates completion of the

primary carbon clusters, while zorl® representsexpansion of the primary clusters and
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formation of the secondary particlgd/)in the liquid droplets (VDAIso, crystallizatiorand
growth take place and nanodiamond are formed (VII). After that, pressure and temperature
are further decreasd (beyond diamondjraphite line) which is now suitable for graphite
products instead of diamondséeFigure2.20b). At the end of the detonatioprocess, the

product is collected from the detonation chamber (including the chamber wWaZH3)

a) b) c)
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Figure2.20: Detonation synthesis: a) detonation precursors and nanodiamond product, b)

reaction path, and c) the following resulgj structure image taken fronj74].

Detonation process has certain advantages over other synthesis methods sasmah size

of obtained nanodiamonds (average particle size-%m@mn) anda narrow size distribution
(majority of particles are between 2 and 20 nf@B]. According to Kruger et grimary
particles form: core aggregates (£200nm), then intermediate aggregates-8um) and
agglomerates (2@0 um) [79]. Also, detonation nanodiamond®NDs)re readily available

in tons per yeaf73]. Alongside the agglomerates, the detonation product (soot) also consists
of nondiamond carbon and metal impurities. The diamond core is surrounded with other
types of nondiamond carbon structuresuch as amorphous carbon, carbon onions, fullerenic
shells and graphite ribbor{80]. The high diamond content corresponds to the high content
of the sp¥ carbon, while spcarbon gives the blaatolour to the raw detonation powdersge
Figure2.21) [80]. Both agglomerates and natiamond products obtained in the synthesis
disable the potential application of nanodiamonf@l]. Here lies the main disadvantage of
detonation synthesis ovethe HPHT processwhere the defects are present in lower

concentrationg82].
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Figure2.21: Detonation nanodiamond structurenage taken fronj80].
2.3.2.2.1Purifiation andfunctionalizatiorof detonationnanodiamonds

Conventionally, strong acids (sulfuric, nitric and hydrochloric) are used for DND oxidation,
which not only purifies the nanodiamondsoim graphitic and metal impurities, but also
terminates the nanoémonds surface with oxygen grouj@8]. Acid purification is costly and
hazardous, and atscould be ineffective for removing all’pontent, leading to up to 80%

of sp? [80]. Osswald et al have shown that 5 h air oxidation at 22%lecreases the amount

of spcarbon on diamond surface, recovering the primary nanodiamonds particles (5 nm) with
~ 95 % g° content [80]. Graphiizationoxidation heat treatment performed at 100C in
nitrogen, followed by 45C°C in air can improve the deagglomeration toa certain point
although resulting in a rise irbigger agglomerateg10-50 nm) [84]. Ackermannet al

demonstrated that ozone treatment can successfully oxidize the diamond sy&&fe

Most common termination of nanodiamonds is with carboxyl (COOH) and carbonyl groups
(ketones, aldehydes, €} originating from purification by oxidizing acids and in air, whete sp
bonds tend to react more easily than3g83]. Metal inclusions also are removed by acids.
Furthermore, hydroxylated, hydrogenated and aminated NDs have been rep{8tid
Especially for the biological application, many molecules have been attached to the diamond

surface via either nogovalent or covalent bon{83, 86]
2.3.2.2.2De-agglomeration of detonation nanodiamonds

Many research groups have dedicated their work to investigating nanodiamond colloidal

stability. The key to dagglomeration lies in increasing the repulsive forces between
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nanodiamonds[87]. This has been done by reducing the size of the nanodiamond

agglomeratesnd/or changing the particle surfa¢g7].

Although core nanodiamondsagglomerates (10200 nm)cannot be separated by simple
sonication or ball milling, combination of beads milling and sonicatieadassisted sonic
disintegrationBASDtan decreas¢he agglomerate size down teB nm particles sizE8].
Also, beaehssisted ball milling (zirconia beads) gave rise to smaller than 189jnSimilarly,
dry media has been used alongside ball milling (steel grinding ballsjushh down the
agglomeratesSalt(NaCHB or sugar (sucrosegssisted ball millinfp0] obtained stable colloid,
where 12 primary particles formed stable colloid particles smaller than 10Tira.advantge
of this process is that is easy to remove thidling mediaby simply rinsing, in contrast to ball
milling with zirconia that leaves residue and it nsore difficult to get rid of. Metal
contamination fom the steel balls can be overcome laytsassisted ultrasonic daggregation
(SAUD)[91] that also leads to similar resultf~ 510 nm particle size). ddonation
nanodiamonds were air annealed at 425 (2h) before the sonication treatment. The DND

siz was in the 5000 nm range before the déggglomeration treatmenf91].
2.3.2.3Detonation nanodiamonds and high pressure high temperature diamonds comparison

Nanodiamonds are commercially produced either by detonagithesis, or by grinding the
microdiamond powders obtainelly the HPHTprocess[82, 92] Detonation nanodiamonds
and HPHT nanodiamonds have similar structure, but different size and surface properties.
HPHT nanodiamonds do not tend to agglomerate strongly, while detonation diamonds form
tight agglomeratesTable2.3 shows comparison between HPHT and DNDs. The detonation
nanodiamondsare smaller in size with the primary particles of abotd Am, compared to
about 1620 nm of HPHT nanodiamond®2, 93] The main shortcoming of detonation
synthesis is that the primary detonation nanodiamonds particles form tight agglomerates (up
to 500 nm), that often interfere with many potential applications of detonation
nanodiamonds such aBuorescence quenching®3]. Similarly, ceramic/metal impurities
contaminate theHPHTdiamonds and further purification after the milling process is needed
[94]. Additionally, stress produced during the milling and graphitization leads to fluorescence
guenching[94]. There have been attempts to overcome this. The detonation explosion
performed on HPHT microdiamonds (20 and uht) gave rise to particles betweerd90-
800 nm[94]. Thismethod has been proposeakit is apotentiallyless expensivand less time
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consuming alternative tahe milling of HPHT microdiamonds to obtamanodiamonds
without the contamination from millind94]. Additionally, small HPHT diamonds (1 nm in
size) have been obtained by coolted annealing at 500C followed by centrifugation, where
not onlythe removalof the graphitic shell was accomplished, g the etching of diamond

led toadecrease irthe size of thenanodiamond obtained[82].

Table2.3: Comparison of HPHT and DND particles

Diamond i Carbon
Particle :
| Advantages| Disadvantages Geoengineering
type size | hybridization

In general
transparent

10-20 sp? carbon Need for except the

HPHT sp?

nm free surface grinding absorption- due

to substitutional
nitrogen

impurities

Need for

purification, Absortsin the

de- UV/Ms
agglomeration

DND 45 nm sp*/sp? Smaller size

2.3.3Colloids

Zeta potential is often stated in the literature as a measure of colloid stabilis/defined as

a potential that is formean the surface o& partick in a colloidd dispersion. The electrical
double layer is formed around the particle. The potential at the slipping plane is known as
Zeta potential.In general, ifthe magnitude of the zeta potential exceeds30 mV, it is
assumed that the colloid is stable and thatrficles in the colloid will not agglomerate based

on the sufficiently strong repulsive forces between the parti¢8s.
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The negative Zeta potential of nanodiamonds is due the carboxyl and hydroxyl groups
present on the particle surface. Those functional groups can b@ak®nated, whichcause
a negative charge on the surface and a proiwtransferred to the surrounding medium. It
also means that if there are more particieshe solution, the phivould be reduced because

the concentration of Hwould increasg96].

On the other hand, positiveZeta potential is reported on less occasions and various
explanations aiming to understand the origin of the positive charge have been proposed in
the literature [96]. Amino functional groups (NMH can be protonated in the acidic
environment to yield Nkt [97]. Amino groups are obtained either with wet chemistry
(reaction with aminesource)98] or by heating the chlorinated diamond in gaseous ammonia
[83].

Other papers suggest théte existence of surface $garbon plays an important role fone
positive Zeta potential of nanodiamondsNamely, the graphitic shell on top of the diamond
core is necessary to accommodate electron polarization between the core and the shell,

wherean electron is transferred to the graphitic layf€9].

Oxygenfree Lewis basesites have beemelated to the positive Zeta potentiaccording to
[96] (seeFigure2.22). In aqueous solutionkt" ions interact with the surface of the particle.
The graphiticcarbon isformed on the nanodiamondurface by vacuum annealing (100D),
whichalsoresults inthe oxygen groups disappeagfrom the samesurface (creating oxygen
free sites)[96]. The experiment is further performed by annealing in hydro@s0°C) to
allow hydrogen termination of the surface so the oxygen canneadsorb [96]. It is also
shown that with the increasing concentration of nanodiamonds, thdopebmesamore basic,
because the Hare removed from the solution by the Lewis base sj@8. Similarly,HsO*

ions can bedsorbedon the graphitic planes givirgpositive Zeta potentigl100].
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Figure2.22: Diamond patrticle surrounded by graphitic carpbiomage taken fronj96].

Petit[99] has proposed a mechanisknown as anoxygen hole dopingvhere nanodiamonds
are heatedin a vacuum ata temperatureof about 750°C. During annealing in vacuum the
physically (weaklyadsorbedO, would desorb leaving thep? carbonon the surface (this is
provided with temperatures below 70(). In other wordsthe content of oxygen on the
surface willdecrease while the sg content willincreasewith the increasingtemperature At
750°C, the nolecular oxygen will attach on the surface as an endoperoxide g&fipThe
chemisorption of the molecular oxygen is enabled by the afordibaed spontaneous
polarization[99]. Furthermore, in the acidic medium the endoperoxide group is protonated
O0K2tS Ay GKS giving Médta aipoditivepatentEID]NAKS rRovealkaline pH,

Zeta potential decreases becaube endoperoxide group is in the neutralagé [99].

After synthesis and dagglomeration, positive nanodiamonds can be employed in colloids in
order to fit the needs for various appation such as device seedifit91l] The amazing
thermal conductivity of diamond (2000 W/mK at 300 K) is often utilized in-senductive
devices such as high electron mobility transistors (HEMTs) for usadio frequency
applications[101]. One example are GaN devices, whdiamond has a role as a heat

spreadel{101]. Although a single crystal diamond has shown to fulfil the application very well,
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the single crystal fabrication cost limits further investigation into the diamond use in GaN
devices. When it comes to reducing the cost of the diamond, the polycrpstaliamond
seems like a logical optidd01]. Yet it is difficult to compete with the properties of a single
crystal, since the material with low thermal conductivity, usually silicon nitride, is usually
utilised to adhere diamond layer to GaM5, 101] Also, it has been reported that different
surface termination,as well asdifferent diamond seed siz influences the growth of

diamond[101, 102]

Particularly interesting to this thesis is théehaviour of the nanodiamond particles
terminated with hydrogen atoms (NB) in colloid upon addition of acid. When the
concentration of HCI acid added to the oddl is high, the colloid becomes unstaf®®]. This
has been attributed to the Coulomb depleti effect, which is a common feature in colloids
in the presence ofa high concentration of counter ions (C]95]. That counter charge is
adsorbedfrom the nanoparticle surface and gives rise to the déple zone between the
nanoparticles adjacent to each othf5]. The dominant repulsive forcdsetween counter
charge over the nanoparticles repulsive forces caaf@ementioneddepletion zone and
ultimately lead tothe agglomeration of nanoparticleslthough the Zeta potential is greater
than 30mV[95].

The results of the analysis détonation nanodiamonds with positive Zeta potential aal
original concentration of 4 wt% of nanodiamonidsdeionized (DI) water (from NanoCarbon
Institute, Japan)are presented in Chapter .6Furthermore, the dilution of Wt% of
nanodiamonds is compared to the original colloid. There have been reporéssonilar, 5
wt% colloid obtained from the NanoCarbbrstitute with positiveZeta potential obtained by
zirconia beads millinfL03]. Furthermore, they came up with rather interesting observation
that the nanodiamonds agglomerate upon dilutif#8, 98] The 5 wt% and 0.3 wt% colloids
were compared to one another and the dynamic light scattering (DLS)stiatss that the
primary nanodiamond patrticles (~ 3 nm) agglomerated in case oft®a3dilution[23, 98]
Also, soft gel is formed when the nanodiamond concentration is above 8 wt%, which can be
similarly reversed t@ stable colloid by addin®l water [103]. In this thesisthe stability of
nanodiamond colloids (4 wt% original anavi® diluted) are measured using DLS and Zeta
potential and compared over a period of time (6 days$iler6). Understanding the stability

of colloids is useful for device seedifi@1]. Furthermore, detonation nanodiamonds are
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added to the silica aerogel before gelation and the properties of the nanodiardoped
silica aerogel such as loading of nanopatrticles in aerogel and surface arealladésity of

the doped aerogel are studied in Chapter 6.
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Chapter 3Methodology

In this chapter, experimental procedures, theory behind the characterization techniques and
parameters used, were presented. Experimeptakcedure for the functionalization of the
HPHT microdiamonds with -uhdecene chains, preparation of different detonation
nanodiamond colloid dilutions, as well as preparation of HPHT microdiaraonddietonation
nanodiamonddoped silica aerogelsyere described. Asessing the microdiamond size and
shape before and after the treatment was achiebgSEM and TEMSEM and TEM were also
used to observe the structure of pure and mienad nanodiamoneloped silica aerogelXRD

was used to observe crystallinity and iyiof microdiamonds, as well as to obtain diamond
content in doped silica aerogels. Additionally, presence of graphitic carbon in microdiamond
powders was investigated by Raman scattering spectrosdopfR and NMRpectroscopy
examined the surface andrace groups of microdiamonds, whid.Svas used to get naro

and microdiamond particlsizes. Surface groups of pure and doped silica aerogels were
detected using FTIR. The study of dilution of the original 4 % nanodiamond colloid and stability
of nanodamonds in the colloids was carried out using Zeta potential and pH measurement.
Also, nanodiamonds were imaged usitdRTEM and SAEWas used to identify
nanodiamonds. In order to observe the presentgraphitic carbon,EELSpectrum and
UV/Vs absorptionspectroscopy were useBET andBJHheoriesgave surface area and pore

size distribution values for pure and micemd nanodiamoneloped silica aerogel$&JV/Vis
reflectance measurement and fall speed were obtained for the raw microdiamond powder,
pure and rawmicradiamonddoped silica aerogel, giving the insights on optical properties of
prepared samples and their sedimentation speed when dispersed in the atmosphere,

respectively.
3.1 Materialsandmethods
3.1.1Materials

Raw diamond powder (in size rangei0 >pYepared byHPHTwas supplied by Element6
1-undecene (97 %, Alfa AesalpA(99%, Sigma Aldrich), zirconia/silica beads (0.1 mm,
BioSpec Products), ethanol (absolute, Fisher), TEBS%, Sigma Aldrich), ammonium
hydroxideNH:OH (2830 %, SigmaAldrich), ammonium fluorid&HsF (98%, Sigmaldrich),

and hexane (956, Sigma Aldrich) were usetthe experimentsDIwater was obtained from
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nanodiamond cboid (4wt%) for this work was provided by NanoCarbon Institute (Japan).
3.1.2Microdiamond functionalizaticineatment

Theshaking and functionalization treatment of HPHT microdiamonds was adapted8igm
initially used to deagglomerate and functionalize detonation nanodiamonds with 1
undecene Rawmicrodiamond (0.2 g) wasnixed with zirconia/silica beads (1 gyutdecene

(2 ml) and isopropanol (0.5 ml) in a polypropylene vial. The vial is then placed in the shaker
(BioSpec Products), where the mixtuseshaken for 2 h, with 2 minute break after every 2
minutes of shakig in order to cool down the mixture and avoieufhdecene polymerization.
After that, diamond solution was washed with ethanol and decanted from the beads. Upon
drying at room temperature for a week;undecene modified diamond powder was scrapped
from the bottom of the vial and collected. Both raw and treated diamond powders had a
brown colour. The samples were labelled as a rawcrodiamond for the starting
microdiamond powder, and -Lindecenemicrodiamond for the treated microdiamond

powder.
3.1.3Raw microdiamd-dopedaerogels

The silica aerogel samples in thisrk were prepared according to the adopted procedure
from the literature[104] that was used for doping silica aerogels with nickel nanoparticles
(NINPs). Hre, silica aerogel was doped with ramicrodiamonds (4 >Y 0 AYaia S|k R
In short, agreceivedHPHTmicrodiamond powderwas added to the mixture solution before
gelation, so that the diamond particle concentration in the aerogel precursor was @90 p
700ppm and 900 ppm (by weightJEOSvas used as a precursor, along with ethanol, and
deionised water at a molar ratio of 2:38:39, respectivdfyrstly, diamonds were ultra
sonicated for 2 (500 ppm) and 4 minutes (700 ppm and@®8) in DI water usig Ultrasonic
homogenizer Sonopuls HD 3200 from Bandelin. Aftat, the diamond solution was added

to the TEOS, ethanol, and catalyst (molar ratio isOHHNHF:HO=8:1:111). In terms of the
pure aerogel, DI water, TEOS, ethanol, and catalyst, withauatidition of diamond, were
mixed. After the precursor solution and diamond mixture 8) was sufficiently mixed it was
subsequently transferred to a mould and left for about 10 minutes to facilitate gelation. After

the hydrogel was obtained, the mouldas removed and ethanol was added for aging. After
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24 hours, ethanol was exchanged for hexane (500 ml) in the solvent exchange step, by pouring
out ethanol and adding hexane, followed by another two hexane exchanges. After the third
hexane exchange, the g&hs left on a hoplate at 60°C for 48 h followed by 3 h at 100 to

dry, after which the aerogel was collected.

The sample labelling is presentedTiable3.1. Two different amounts of catalyst were used

to prepare pure silica aerogels. The pristine silica aerogel with 0.5 ml of catalyst was labelled
Fd WLIHzNBE &aAftAOlF I SNR@E fviich togtdnediSReE of R LEVR & A £ A
YAONRRAFIY2YR LR2gRSNWRI a LINSEBSNEBRSAAKI & dWp X1
pure silica aerogel). Pure silica aerogel with 0.6 ml of catalyst is used as a referenceRor 700
and 900R aerogels, thatvere synthetized with the same amount of catalyst. In order to
obtain the homogeneous aerogel without sedimentation of diamond particles, the longer
sonication time was used with higher concentration of diamonds, as well as higher amount of
catalyst to sped up the gelation process. 9@pm of diamondparticles in aerogels was

chosen for the optical measuremenf€hapter 5.7pecause this wathe highest achievable
concentration of diamonds in aerogels, without sedimentation during gelatimcess.The

pure silica aerogels were transparent, while the doped aerogels appeared milky wigiiee

3.1a and b c, and dshow pure silica aerogel and raw micragi@end-doped silica aerogs|
respectively.The final concentratiomof microdiamonds in silica aerogelvere obtained by
XRD(Chapter H4).
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Table3.1: Pure and microdiamondoped silica aerogelsith diamond concentration in the

precursor and amount of catalyst used to obtain the gel

- - 500 ppm raw | 700 ppm raw | 900 ppm raw
Pure silica | Pure silica ) ) .
Sample diamond/ diamond/ diamond/
aerogel aerogel - - -
silica aerogel | silica aerogel | silica aerogel
- Pure (0.6 ml
Sample code| Pure silica 500 R 700 R 900 R
cat)
Catalyst
0.5 0.6 0.5 0.6 0.6
amount, ml
Diamond
/ / 500 700 900
conc, ppm

-

Figure3.1: a) pure silica aerogeb)500 ppm c) 700ppm, and dPO0ppmraw
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3.1.4Nanodiamondaolloids

Two samples were examined: 1) the original colloid solutiont@) of nanodiamonds, and

2) 1wt% colloid solution prepared by adding deionised water to the original solution.
3.1.5Nanodiamonellopedaerogels sythesis

Nanodiamonddoped silica aerogel was prepared using the procedimelar asdescribedn
Chapter3.1.3. In this case, original concentration of 4 wt% (40000 ppm) of nanodiamonds in
DI water(seeFigure3.2a) was added to ethanol and TEOS in the precursor solution, so that
the final concentration of nhanodiamonds in the precursor was 8§8@®. The catalyst was
added (0.5ml) and the doped aerogel wasgpared by gelation, followed by aging, solvent
exchange and dryingrigure3.2b shows nanodiamondoped silica aerogel. The pure silica
aerogel with 0.5 ml was repeated as a reference aerogel for nanodiardoped silica
aerogel. The final concerdtion of nanodiamonds in silica aerogel was obtainedXRD

(Chapter 63.2.

Figure3.2: a) 4wt% nanodiamond colloid, and bp&l nanodiamonetoped silica aerogel
3.2Interaction of the electron beam with the matter

Upon interaction of the incident electron beam with a sample, scatteahglectronsand
emisson of photons take place. Scattering can be either elastic or inelastic, while photon

emission occurs following absorption of the primary electron beam and excitation of an atom
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to a higher energy stateThose emissions includ®05]: characteristic Xay radiation when

an electron from the core shell is ejected aheé vacancy is filled with another core electron
from the higher energy state, or continuurarays (Bremsstrahlung), when the primary beam

is inelastically scattered, Auger electron, in case a core electron fills the vacancy and the outer
shell electron iejected. In case a vacancy is formed in the valence band, the emission is
known as cathodoluminescence (secondary fluorescence), and the emitted photons have the
energy of the visible electromagnetic spectru8econdary fluorescen@ecurs when any of

the previousemissionsbecome the primarysource of the excitation. The depth within
specimen from where the discussptotonsand electronsare emitted from the sample are
presented inFigure3.3a, along with the possible interaction pathways on an atomic level
presented inFigure3.3b. Later on, some of these interactions will be used for characterization

of the prepared samples, and will be therefalesely describefiL05].

Incident
Electron Beam b)
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X-rays
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Figure3.3: Schematic representation of the, a) interaction of the incident beam with a
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sample image taken fronf105], and b) closer look at atomic level scattering and photo

emission upon absorption of the incident beamage taken fronj106].
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3.2.1Scanning electron micscopy

TheSEMs utilized for observing and comparing the shape and size of microdiamonds before
and after the treatment, as well as observing the surface of the aerogel samples. SEM
provides details on morphology and topography only on the localized medsarea of the
sample.SEMwas perforned using JEOL JFE00LV for the raw and treated microdiamond
powders (Chapter 4.1as well as for the pure silica aerogel in form of a fioevder (Chapter

5.1), inorder to observe the diamond particle size and gddefore and after the treatment

and patrticle size of a silica aerogel after crushing the obtained aerogel with mortar and pestle.
An accelerating voltage of 10 k¥as usedHigh resolution SEM analysis of pure aerayel

raw microdiamond/silicaaerogel (Chapter 5.1) wagonducted by FEI/Philips -80 Field
Emission ESEM using a 10 kV accelerating volRag® to imaging, silica aerogel samples

were Au coated using BIRAD Microscience division SC500 sputter coater.
Principles of operation

The SEMappamtus contains electron gun, electromagnetic lens systeganning coils,
sample on the sample stage and the imaging syswseKigure3.4). SEM uses electron gun
(thermionic) in order to generate primary electrons. Thermionic gun generates electrons by
heating the W or LaHilament, while field emission gun (FEG) generatestedas using the
electric field. The value of acceleration voltage is usually \®#V. Electromagnetic lenses
system consists of condenser lenses and objective lens and have a role of adjusting the size
and focusing the primary generated beam (electmmobe). Two or three condenser lenses

are usually utilized. Scanning coils allow raster scanning of the sample Judate
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Figure3.4: Schematic representation of SEM instrumantge taken fronj108].

Based on the type of interactions between the bulk sample andrtbielent electronbeam,

two categories of electrons are detected: secondary electrons (SE) and backscattered
electrons (BSE). Secondary electrons are formed from inelastic scattering of the primary
electron beam off the sample, and the resulting secondary electrons are scattered through
an angle smallghan 9C°. The sample absorbs primary electrons that pass their kinetic energy
to electrons in the sample. Some of those electrons will have enough energy to leave the
sample (SEPhotomultiplier tube (PMT) is used to detect BEen primary electrons leave

the sanple with no or little primary energy logkey are labellechs backscattered electrons

and are deflected form the material with an angle that is greater theh Bigherscintillator -

PMT systemor solid-state detector are used for BEE7].

Figure3.5 representghe kinetic energies of SE and BSE and theitioel#o kinetic energy of
primary electronsO, as well as showing that SE are more likely to ac€ypically, SE are

generatedat about50 nm depth while BSE come fromuin depth of the sampl§L07].
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Figure3.5: The difference in kinetic energy, as well as number distribution, between

secondary and lzkscatterecelectronsimage taken fronf107].

High vacuum is usually needed for SEM imaging in order to avoid interaction of other present
molecules with botththe primary electron beanand resulting electrons from the sample. In

case of electrically insulating samples, coating with a conductive material such as gold or
carbon is performed before imaging. Also, surface charging can be avoided by using low

vacuumwhere gas molecules dissipate the negatively charged sufifdg.
3.2.2Transmission electron microscopy

The TEMwas used to image microdiamonds as well as to observe their dagirsgica
aerogel Hitachi HT7800 was used to obtdiEMimages of the raw and treated microdiamond
powders (Chapter 4.2), and pure aerogel and raw microdiardoped silica samples
(Chaper 5.2), witha 100 kV accelerating voltage. High resolution transmission electron
microscopy (HRTEM) analysisn@inodiamonds (Chapter 6.1.1) and nanodiamaloged
silica aerogel (Chapter 6.3.1) wareformed using JEOL 2200FS Ultra high resolution () w
inbuilt Gatan Microscopy Suite® (GMS) softwaard accelerating voltage of 200 KMRTEM
was used to image nanodiamonds and their doping to silica aerogel. Additicseltgted
area electron diffraction (SAE&delectron energy loss spectroscop¥(ES) were performed

for nanodiamond sample fodiamond phase identificatiomnd for diamond and graphitic
carbondetection(Chapter 6.2 and 6.1.3, respectively). Sampkes TEM and HRTEM were
prepared on lacey carbon films on380 copper mesh grids. Miodiamond powders and
powdered aerogels were dispersed in ethanol and solutions were pipetted on the grid and

air-dried. In case of nanodiamond colloids, theginal 4 wt% sample was diluted to 0.004
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wt% (1:1000 with DI water in order to get good pargécdistribution on the gridHRTEM

microscopywas performedat York JEOL Nanocentre, University of York.
Principles of operation

The transmission electron microscoEeéFigure3.6) consists of three main elements: The

illumination systemthe specimen stage and the imaging sys{ég0].

1. Electron sourcgenerates an electron beam and then electric field accelerates these
electrons (106B800kV) parallel to the optical axis, through the potential difference
established between the cathode and the anode. In general, the anodé¢hee column setup
are held at a ground potential, while the cathode is set at a high negative potential. The anode
allows the above electrons to pass through, but only if they are not absorbed by the anode.
Only 1 % of the electrons generated by the catte goes through the anode hole and form
the TEM beam for analysis. After that, electron beam passes through condenser lens system.

There are usually two or more condenser lené9].

2. Before entering the vacuum in the TEM column, the sample is inserted in a chamber
airlock. This way the vacuum in the main column is not affe@@ecimen itself needs to be

thin so that electron beam can pass througlid9].

3. Theimaging system contains objective (usually two) and projector (usually four or five)
lenses, that have a role of magnifying the image, and the detg¢licorescent screen or a
chargecouplal device (CCD)). Two types of imaging can be used, the image and diffraction
mode. In the diffraction mode, the image is formed in the back focal plane, while in the

imaging mode it is formed in the image plane of thbjective len$109].
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Figure3.6: The transmissioalectron microscopemage taken fronj110].
3.2.2.1Selected area electron diffraction
Selected area electrodiffraction (SAE0 A& ol aSR 2y GKS . N} 3I3aQa f
CQOE+F & _ (3.1

whichA & @S¢t f 1 Y 2 ¢ YyThe spacing Nétviiean@iadjdceéntptanes i€ the
incident angle i , the wavelength of Xays isl andl is the order of reflection which must

0S Ly AYyGdS3aISNI AY 2NRSNAUMIRZNI . NF»3I3IQa SljdzZt A2y

Figure3.7 shows the formation of the diffraction pattern of a crystalline sample. The incident
electron beam is transmitted through the mple. The diffraction pattern consists of bright
spot in the middle (from undiffractedlectrons) and diffraction spots on the concentric rings
(from diffracted electrons). Undiffracted incident beam and diffracted beam will form angle
of ¢c— and their dstance on the diffraction pattern plane will B¢ 0 is the camera length,

which the distance between the sample and tieeording screefil07].
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Figure3.7: Formation of a diffraction pattern on a recording plameage taken fronj107].
From theFigure3.7, for small diffractions it is trugLO7]:
Y 00AF 0O — (3.2)
lfaz2y GKS . NFX33Qa trg o0Sldz A2y o6o®dnv0v OFy o

Q— (33)

By combining equations (3.5) and (3.6):

YQ D (34)

Sinceb and_ are features characteristic for the instrument, spacing between the planes in
the crystal lattice of the sample 'Y, where'Y is the radius of the pattern ringnla single
crystal each spot on the recording plane corresponds to the sp&eggacing and atomic
planes. Irthe case of polycrystalline or nanosizethterials thigivesrise to continuous ring

formation rather than spot diffraction due to random onigtions of graingparticles[107].
3.2.2.2Electron energy loss spectroscopy

EELSs based on detection of the inelastically scattered incident electrons. EELS spectrum
consists of three regions: zefoss,plasmon and coréoss spectrageeFigure3.8). Zeroloss

is related to elastically scattered or unscattered primary electrons, while plasmons
correspond to interactions between collective excitation of the valence or conduction
electrons with the incidenbeam. The energy loss gean the third range is characterisfior

an element andts electronic statd112].
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Figure3.8: a) three EELS ranges for barium, yttrium, oxygencapger image taken from
[107], and b) core shellanage taken fronj112].

In the case of diamond and graphite, which are both cardbased materials, hybridized
and® non-hybridized orbitals & be observedAs mentiored in Chapter 2diamond has four
hybridized, bonds (SBK@ 0 NA RAT F A2y 03X gKAETS INILKAGS KI &

“w Z

unhybridized“ bond (sp hybridization). Antibonding * and “* orbitals areunoccupied
orbitalswitKk KA IKSNJ SYSNHASA& (i KdegFigune.9). RVReyi an elditdnA G | £ &
from a core shell absorbs the incident energy of electravhich is Kshell (1s orbital) in

diamond or graphite structure, an electron is promoted to the unoccupied antbapstates.

That energy transition has specific energy and it can be used to identify the atom and atom
bonding in the sample. Sin¢e orbital is positioned at lower energy than orbital, the

w Z

corresponding transitionnto “ ° in the K-edge EELS spetim is shifted to lowerenergies

compared to the transitiointo * " [113].

55



Graphite 4 Diamond

===3"_. ¢ [ 4
T* f==—— ——-
EF" """"""""""""""""""""""""""
T —

E (eV)
E(eV)

———O0— 1s ——0— 1s

Figure3.9: Graphite and diamond electronic structures, with bonding and antibonding

orbitals image taken fronf113].
3.3 Xray diffraction

XRDis used in this work imrder to confirmthe crystallinityand purity ofthe diamond
particles and amorphous nature of silica aerogel, as well as tectehe presence and
determine the percentage of microdiamonds and nanodiamonds in silica aerogels. XRD
patterns of theraw and treated micrdiamondpowders (Chapter 4.5) and powdered pure
and micre and nanodiamoneloped silica aerogel composites (Chapfed4 and Chapter
cPoPHUO HSNB 200FAYySR o0& | t! bl feéusdhf - Qt
Qualitative analysis used for phase identification was deite (—range 10110°, step size
0.03° and 4 s step, while quantitative analysis for obtaininge wt% ofdiamond in silica
aerogels withc—range 5120°, step size 0.03and 8 s step. The spectra were fitted using
HighScore Plus software. The quantitative analysis was preformed using Rietveld esfinem
where dopedsilica aerogels were mixed with silicon internal standard%®0rystallinity) in

ratio sample:standard=90:10 wt%iiternational Centre for Diffraction Data (ICDBference

00-006-0675was used to identify cubic diamond lattice.
Principles of operation

a) X-ray photons generation Collision of higkspeedelectrons (accelerated from W
filament by 30kV) with a material (Cu target) give rise toa¥ photons Figure3.10a)

that then initially strike the sample. In that case, both white radiation (which is
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removed) and fixed radiation occurs. Broad white radiation is obtained when initial
highly accelerated electrons are slowed down during interaction with the Cu material
without knocking out electrons. The principle of theray generation is based on
ionization of the Cu 1s or K shell electref).occursin case of 2p to 1s orbital transition
with the monochromatic radiation at 1.5418 A, whilgis produced when an electron

from 3p occupies the 1s level at 1.39&2“ is a doublet and it is more frequeftias

higher probability) thar+, (Figure3.10b) [111].
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Figure3.10: a) Cu ay formation, and b) Cu-Kay emissiorspectrum image taken
from[111].

The Xray tube is protected with Pb, which absorb theay radiation ancprovides a
safe environment around itsée Figure3.11). TheX-ray tube also has Be windows
which allows Xays to escape the chamber and reach slaenplefor characterization.

For obtaining+, radiation alone and removing,, Ni is found to be a good filter in

case of Cu targdi11].
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Figure3.11: Xray tube image taken fronj111].

b) Instrumentation:. NJ 3 3 Qcuatiénl(3d)) néeds to be fulfilled in order to obtain a

signal from a sample.-rdy source, sample stage anday detector are placed on the
goniometer where Xay source and -Xay detector rotate in the way so the-day

source has an amg of —towards the sample angq—towards the detectoiseeFigure

3.12). This meanghat . NI 33Q& | y3tS A& OKIy3aISR gAilK
0SG6SSy GUKS (g2 adlea GKS alrySeo Ly GKAA
diffraction angle are collected. The obtained diffractogram is plotted as intensity
against¢c—111].

Detector

X-ray
source

Figure3.12: Schematic representatiaf a goniometerimage taken fronj114].

3.4 OpticalSpectroscopies

Optical spectroscopies are used tubserve the interaction between electromagnetic

radiation and sample. The optical spectrophotometers work With Visand IRpart of the
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elecromagnetic spectrum.A typical spectrophotometer contains a light source, a
monochromator, a sample and a detecteseéFigure3.13). The monochromatoconsists of

an entrance and exit slit for the light beam and a dispersive elemertinmeen the two slits.

The dispersive element can be either a prism or a diffraction grating, which heote af
dispersing a polychromatic light coming from the lightise into a monochromatic light.
Rotation of the dispersive element allows different wavelengths to pass through the exit slit.
Also, in case of the lower cost spectrophotometers, filters are used to select a specific

wavelength[115].

Monochromator

‘ e Exit slit
persion

device

Detector

Source

&

Entrance
slit

Figure3.13: Spectrophotometer desigimage taken fronj116].
3.4.1UV/Visible absorption spectroscopy

UVNisabsorption is used to measure absorptiomainadiamondparticles in the wavelength
range that is relevant to solar engineering in term of incoming radiation wavelengths. Original
(4 wt%) and diluted (Wt%) nanodiamod colloids (prepared accordirighapter3.1.4), as well

as diluted nanodiamond colloids to Ovi2%, 0.25nvt% and B wt%were measured using
Jenway 7315 UV/Visible spectrophotometeithe range200-1000 nm with 1 nm resolution

Data are presented in Chapter 6.2.1.
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Principles of operation

UV/Vis dispersivespectrophotometer and its components are shownHigure3.14. The
monochromator disperses the light from the light source (Xenon lamp), which thehesac

the sample.The photo diodedetector collects the transmitted light. The transmittance is

taken as'’yY "O"O which is the ration of the transmitted to incident light. Absorbancecan

be calculated according to the Beer Lambert [aQ5]:

0 1T CYt 06 ¢ 11 ¢CphY (35)

Py NN

) P L
7 N # |

S ) . >
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Diffraction Grating
(Excitation Monochromator)

Figure3.14: Typical UV/Vis dispersive spectrophotomgtange taken fronf117].
3.4.2UV/Visible/Neainfrared reflectance spectroscopy

UVNis/NIRreflectance can be a useful technique to observe how much of the incident light
is reflected from the samples. In solar engineerimgs analogue to backcattered lightas
discussed in the Chapter 2. The diffuse reflectance was done by spectrophotomete
(Shimadzu SolidSp&700 UWisNIR, 29@600nm) using UVProbe software at
Northumbria University. The instrument incorporates three detectors as followBM3,
INnG&As, and PbS detectors. A slow scan speed and mr28lit width were used during
detection. A thin film of fine pure aerogpbwder, as well as the pure microdiamond powder
and powdered microdiamondoped composite, were deposited in the cavity of the glass
slide and then covered with a glass cover slip prior to the optical measurementg bein
conducted.Detector switch 870 nm and 1650 nm, while diffraction gratings change at 720
nm, which can be noticed in the reflectance spectra of all samplessgéwrophotometer
uses double beam mode which allows more accurate measureriiahbgen and daterium

lamps are used as lighburce. Data are presented in Chapter 5.7.
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Principles of operation

An integratingsphere witha reference and a measurement light are showFkigure3.15, as

well as a sample and a standard white board. The double beam system consists of a reference
and a measurement photon beam, which enables more accuregasurement because the

light sourcefluctuations are compensated for. Bariusufate coating of the inside of the
integrating sphere allows high reflectance of the sphere walls. The standard white board is
taken as a reference material as it has high reflectance of the incident light. fbéetaace

off the sphere walls and the standard white board are taken to have a value d¥#%100
reflectance. If the incident beam angle is different th@® specular reflectance can be
measured along with diffuse reflectance. The baseline correctionsisrécorded without a
sample, after which the sample is mounted and the sample reflectance is measured. The
detectorsare connected to the integrating sphere and optical chopper enables alternating

measurement of the reference material and the sample \lith samples staying at theame

position[118].
Reference
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/\ light
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Figure3.15: Diffuse reflection with integrating sphera)without, andb) with specular

reflection image taken fronj119].
3.4.3Raman scattering spectroscopy

Hybridization of the diamond particles &efore and after the shakinggeatment was
investijated by Raman scattering spectroscopy. Raw and treated microdiamonds
(Chapter4.4) were scannedin order to deect any impurities or graphitic Spcarbon
introduced during the diamond treatment. LabRAM HR800 waithil4.5nm Ar green laser

was used to measure the Raman spectra (2000 cmt) of the diamond powder with §
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acquisition time and accumulationsresdution 35 cmt. Diamond particles were deposited

on silicon wafers from the ethanol suspensions
Principles of operation

Ramarscatteringis a technique that measures the shift or change in frequency from incident,

/o, to resulting frequency (seeFigure3.16). The ncident laser freque® & o) i in the near

IR, visible, or near UV, and the resulting signal is collectedcat 903 £ §[120].2n case of

normalwl Yy aO0OFGddSNAy3I GKNBS S@gSyda OlFy 200da
monochromatic light. Firstly, Rayleigh scattering that is elastic, so the incident beam does not

lose its energy. Raman Stokes scattering occurs when the resulting frequencgrigHaw

Mo, while Raman aribtokes scattering is obtained in case of the enhanced resulting frequency

02 Y LJ NB R. Thegenar& Raman frequency for inelastic scattering is:
H Y Y (3.6)

Wherey; is Raman shift that either adds tg, (anti-Stokes) or subtracts froma,; (Stokes)
[120].

Stokes scatteringignalis stronger and hence more commonly recorded since the population
in the zero vibrational state is more populated than the first vibrational state of the electronic

ground statg[120].
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Figure3.16: Ramarscattering imagetaken from[121].

The light source in Raman spectrometer is a lasseRigure3.17). The Raman shift does not
depend on the light source wavelengthhe detection system is CCD spectrograph. Before
reaching the diffraction grating, the beam passes tlglotilters, so only the Stokes scattering

or desired wavelengths are measurdd . 7].

Dianond does not possesan intrinsic bulk electric polarisatiprand only change in
polarizabilitycan arise. In diamond Raman spectrum, sharp mgadears at 1332 cry and
hence this is consideresl goodtechnique for diamond quantitative and qualitative analysis

[122].
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Figure3.17: Typical Raman spectromej@nage taken fronj117].
3.4.4Fourier transform infrared spectroscopy

FTIRspectroscopyvas done aiming tinvestigate the surface and th@esence of the surface
groups on the raw and the treated microdiamd powders(Chapter 4.6). Alsadentification

of silica aerogel structure was recorded for the pure and microdiarrdoged silicaaerogels
(Chapter 5.3). Powderederogels andmicrodiamond powders were placed on the ATR
diamond using IRAffinitgs Spectrophotometer (Shimadzuyith 4 cm?® resolution,
100scans, in the range 564000 cmt, using absorbance mode for diamonds or transmittance

mode for silica aerogels
Principles of operation

The main part othe FTIR spectrometer is the Michelson interferomefanlR source, which

is a ;ngle wavelength), reaches a beam splitter in the interferometeseé Figure3.18).

Here 50% of the incident light gets reflected towards the fixed mirror, and anotheéxSfets
transmitted towards the movable mirror. Tmeovable mirror can change iposition forward

and backwards. Beams from both mirrors then partially go back to the source and partially
towards the sample and the detect®o that these twdoeams combine together again. The
difference in covered distance (optical path differen@PD) is labelled as In casé T,

the beams had travelled the equal paths and they are in phase and interfere constructively.
Conversely, whef  _J¢, then the signal vanishes completely as the interference is

destructive. The resulting interferogram is a cosine funcfik8]:
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0 6’ ATcH- (3.7)
where"Gs intensity of the signal at the detector ands the source brightne4423].

From hee, it is possible to obtain a spectrum (absorbance or transmittance) by Eeunger
transform Transmittance is detected and absarice can be plotted against frequency

following Beer Lambert laveéeChapter3.4.1, equation (38))[124].
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Figure3.18: Schematic representation of FElfectrometeyimage taken fronj123].

Another gproach of getting a FTIR spectrum is by using an attenuated total reflectance (ATR),
known as ATIRTIRIt does not require sample preparatiomhe ATR crystal is a material with

a high refractive index such as zinc selenide (ZnSe), germanium (Ge) ondlidihe IR beam
passes through the ATR crystal as an evanescent wave based on the total internal reflection
until reaching the detector. If the sample absorbs IR then it woulkdenthanges to the signal

as it becomes attenuatedrigure 3.19 showsthe incoming beam, sample, ATR crystal,
penetration depth Q2 ) (usually about 2im), critical angle for internal total reflectiorXand

the refracted beamThe refractive index of the ATR crystal must be higher than that of a

measured samplEl25].
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image taken fronj125].
3.5 Nuclear magnetic resonanepectroscopy

NMR obtains the structural information of carbon and hydrogen bonding in the measured
sample. Soligstate NMR measurement was recorded for the raw and treatectodiamond
powders (Chapter 4.7.1 and 4.7.2), while the solutsteite NMR was performed for the 1
undecene solution (Chapter 4.7.8olutionstate 13q*H) NMR spectrum of the-indecene

was recorded on a Bruker Avance Ill HD 700 MHz NMR Spectrometer equipped with a TCI
Prodigy™ Cryoprobe. Thé3C operating frequency was 176.07 MHz and $aenple was
measured at 29& indeuterated chloroform CDGJ). Solidstate 3q*H) NMR spectra were
recorded on a Bruker Avance IIl HD 500 MHz NMR spectrometer operating at 125.78 MHz.
Spectra were obtained using cregslarisation andelaxationdelay of4 s. The magieangle
spinning (MAS) experiment was done for carbon atoms with spin ratekdz 8Chemical

shifts are quoted in ppm relative to tetramethylsilane.
Principles of operation

NMR spectroscopy operates in the range38 000 MHz of radio waveand it is used to
observe magnetic transitions within magnetic energy levels of nuclei in molecules. Isotopes
with either odd mass number or/and odd atomic nump&have net nuclear spin anare

NMR active. Proton NMRH NMR) and carbeh3 NMR *CNMR) with haHinteger nuclear

spin (1/2) are widely used to characterize organic compounds. Regarding the carbon isotopes,

its most abundant?C (98.9 % in nature) is undetectable by NMR having the nuclear spin of
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zero. Carbon isotop&®C exhibiting abat 1.1% abundance in nature results in weak signal

compared to'H NMR{115].

This spectroscopic method is based on alignment (either parallel or antiparallel) of magnetic
nuclei in the presence of an external magnetic field. While ihelei oriented parallel or
aligned withthe field will have +1/2 spinfh( & LJA ) thedoids driénted antiparallel or
aligned against the field will hav#/2 spin { spin state). Alsd, spin state is higher in energy.

The transition frequency,, iS[115]:
— (38)

where O is theapplied magnetidield, and [ is the gyromagnetic ratio (nuclear constant),

with relations tomagnetic moment; , as
= (3.9)
whereQh & t f I y O]Thisilea@saoy a U I y @
o+ 2 00 d0 (310)

showing thatw ‘Qenergy betweert andi stateg increases witlstrongerO.

The transition frequency,, is also callegrecessionalrequency since the rotating axis of the
spinning nucleus forms precessionalorbit perpendicular to applied fieldO. Also, the
magnetic transition is known as flipping of thacleus due to flipmg to the perpendicular
direction of the applied field. This occurs using the field oscillator. Therefore, when the
rotating magnetic field angrecessionafrequency are resonant, the transition from the

lower to higher magnetic stathappeng115].

Shidding and deshielding happes depending on whether the H atom is close to an
electronegative atomin the case otfle-shielding the electronegative atom attracts electrons
around H atom and decreases the magnetic field that those electrons would gesértiteg

the signaldownfield. Alternatively, the signal position moves upfield towards the reference
(zero) becausé is more difficult to pick up the signal where surrounding atom increases the

electron density and perturbs the proton signal5].
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In NMR spectroscopyusudly tetramethylsilane (TMS) is used as reference because it is
chemically inert and has higher upfield absorption than other peaks recorded due to protons
being shielded by Si atom§he spectrum is plotted as parts per milliorcompared to the

zero pogion of TMS[115].

The magnet generates the magnetic field, while the sweep generator is used in order to vary
the magnetic fieldseeFigure3.20). Thesample is placed in the glass tube and irradiated by
the radio frequency obtained from the oscillator. Sample holder is spun to ensure the
magnetic field is applied homogeneously. Wheitand the incident frequency are resonant

for the givenO, the transitonh G2 1 &aLIAyYy &adl 4SS G 1 Santhéf I OS
radio frequency receiverhen the magnet flips back to previous position. Teeeiversends

the electric signal to the detector where it is amplified and recorded as the intengatinst

the valueof the chemical shiff115].
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Figure3.20: Schematic representation of an NMR spectromeateage taken fronj115].

In order to derease the effect of anisotropy during the measurement of solid sangsids
enhance the signa¢ither magicangle spinning (MAS®y crosspolarization (CH} used With
MAS technique, aucleus is spuat the magic angl€54.74) with radio frequency. Alo,CP

is based orenergy transfer from the excited and more abundaniclei(protons)to the less
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abundantnuclei(carbon 13). Therefore, the sigresihancement from protons usedn case

protons are present in the sample.
3.6 Dynamidight scattering

Partcle size distribution, as well as téeta potential, ismeasured usin@LSheory. The size
of the raw and treatednicrodiamonds (Chapter 4.3) amanodiamondgChapter 6.2.3)vas
asessed by DLS using Zetasidano ZS (Malvern Instruments). The microdiamond powders
were dispersed in DI water, while original (4 wt%) and dilutedtfsd) nanodiamond colloid
(obtained from NanoCarbon Institute (Jappmyere measured as prepared, the Di%e
measurement was conduetl at 25°C with a 175° scattering angle.The number of
measurements was set to 3 with each measurement taking up to 30 rungetdgotential
and pH of the nanodiamond colloids fboth 4 wt% and 1 wt%vere measured (Chapter
6.2.2), whereZeta potentialwas an average of 3 measurements. DLS size measureratant,
potential and pH are measured within 24 h on day 1 and day 6 after openingritiieal 4
wt% stockbottle, and the diluted (1 wt%) colloias prepared on each day from the stock

bottle of the original colloid.
Principles of operation

The dynamic light scattering is ust determine the particle size distribution present in the
sample. The main principle is based on illumination of the particles with a laser and recording
the scattered light Movement of the particles suspended in the liquid occur due to the
random collision of the particles with liquid molecules which is kn@snthe Brownian
motion. Also, smaller particles move quicker than large particles. The light from the particles
is scdétered in all directions and the intensity of the measured light depends on the
interference (constructive or destructive). For constructive interference, the maximum
intensity of the light is recorded, while in the maximum destructive interference leddeo

signal being cancelled o{&26].

Due to Brownian motion, the intensity of the signal fluctuates in a single paecorrelation
between two signalst different times will be more or less the samé&trong correlation is
taken as 1 and no correlation as 0. For example, two signals will be correlated if the time
between their collections is very short (nanor microseconds). Witlan increasing time

between two signalsthe correlation between them will decrease. Eventually, it takes 1 to
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tens of miliseconds for correlation to diminish to zero, where the signals are not related to

each other anymoresgeFigure3.21).
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Figure3.21: The correlation function for small and large particlesage taken fronj126].

The DLS measurement gives a particle size distribylioinand Zaverageparticle size'@ )

[127]:

, B
O B_— (311

whichis the harmonic mean and wher® and"Yare diameter and intensity of the scattered
light for particle’Qrespectively. In castne polydispersity index (PDI), whigdthe parameter
of measurementeliability, is in the range 0-Q.5, Zaverage is commonly used. However, Z
average is not reliable for polymodal distribution with PDI greater thafl26]), then mean

particle size from thelistribution plot is used.

The instrument gee Figure3.22) consistsf lasersource (1) Zetasizer Nano ZS usdeNe
laser (632.8ym)and backscatter detection (3). Bacatter 1783 detection is usually preferred
over 9C because of the highgprobability of collecting a beam due to shorter distance and
avoiding the passage through the whole sample. The sammpield in a cuvette (2), and after
interaction with the sam|e, the resulting signal is collectdtis processed in a correlator and
computer (5 and 6)Attenuator (4)has a role of attenuating the laser light in case the sample

scatters light that is too intense for the detectfdr26].
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Figure3.22: Schematic representatiaf Zetasizerimage taken fronj126].
3.6.1Zeta potential measurement

The charged particles move due to the applied electric field in the liquid. This phenomena is
known as electrophoresis. The velocity of jpads that are moving, and is induced by an
electric field is electrophoretic mobility. A measurement cell (folded capillary cell) contains

two opposite electrodegseeFigure3.23). Potentialdifferenceis applied andhe movement

of the particles towards the opposite charge (electrode) occurs. Particles scatter thiedight

=
!

the laser sourc§l28].

Figure3.23: Folded capillary cell used ideta potential measuremenimage taken

from [126].
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Usinglaser Doppler velocimetry (LDV), mobild/the particle can be related to frequency
rate of the scattered light. The Doppler shifthe change irfrequencyof the scattered light
from a moving patrticle. The scattered beam is combined with the reference bezaRigure

3.24). The signal is fluctuating prog@mnally to the particle velocity129].
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Figure3.24: Signal generatigrimage taken fronj126].
3.7 BrunauerEmmettTeller and BarretfoynerHalenda theories

The specific surface area, pore size distribution and pore volume of the pure (0.5 cat) and raw
microdiamonddoped silica aerogels (Chapter 5.5) were determined on a ThermoScientific
Surfer system at Newcastle University, while the pure (0.6 cat) (Chapter 5.5), repeated pure
(0.5 cat) and nanodiamondoped silica aerogel (Chapter 6.3.3) were measured on a
Micromeritics ASAP 2020 instrument at Warwick University at 77 K using nitrogen gas. The
samples were outgassed under high vacuum at 200 °C for 12 h prior to the sorption
measurements. ThBETequation was used to calculate the specific surface area, \&&Jité¢
method on the desorption branch of the isotherm was used to calculate the pore volume and
pore size distribution. Bulk densities were measured as a ratio of the weight to volume

followed by porosity calculations for all silica aerogels (Chapter 5.6 andeCltap.4).

Principles of theory

Brunaueret al defined five types of adsorption isotherms according to their experimental data

in 1940 and later on in 1985 IUPAIL30] updated the classification by adding the sixth
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isotherm g6eeFigure3.25). Isothermsrepresent the amount of the adsorbed gas against the

pressure of the gas at the constaemperature[131].

Type | isothan is related to either microporous material or chemisorption (the Langmuir
isotherm) (seeFigure3.25a). Type Il and Il isberms correspond to either neporous or
macroporous material with strong or weak flwehll attractive forces, respectively. Type IV
and V isotherms are modifications of type Il and Il isotherms for mesoporous materials,
respectively. The difference beeen type Il and IV, and Ill and V, is that type IV and type V
isotherms exhibit hysteresis loop (difference in adsorption and desorption curves) associated
with additional capillary condensation along with physical adsorption. Some materials with
strong adgorption show type VI isotherm, with laybke adsorption[130]. Figure 3.25b

represents the area accessible to the measurement.

Type |, Il and Il isotherms are reversible. Type IV and V show hysteresis loop that is related to
capillary condensation in mesopores. There are four tygiesysteresis loop classified by

IUPAC named H1, H2, H3 and KHde(Figure3.25c). H1 indicates regular porosity (with
cylindricatlike pores) without interconnecting channels. On the other hand, pore size
distribution and shape are notweRSFAY SR Ay OF &S 2F 1 uHd t NBaSy
interconnectivity are common featurdsr H2. Slilike pores obtained in the structure with

plate-like particles give H3, while H4 indicates narrow slit pores (micropor¢$89) 133]
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Figure3.25: a) Six types of adsorption isotherms, b) surface area measurement range, and c)

hysteresis loop typesnage taken fronj134].
BETtheory: I Yy 3YdzZA NR& GKS2NEB Aa o6FaSR 2y OKSYAa&2NL
surface andfurther layering does not occuBrunauer et alderived the BET equation by
ASYSNIfATAY3I [Fy3aYdANRE G:KS2NEB (G2 YdzZ GAY2t SC

— (3.12)

which is essentiall;ﬂ B as yaxis agains't1 n as xaxis withP - &as intercept and
w P, & as slope of the plo{seeFigure3.26). n andn are applied and saturation
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pressurerespectively; the total volume of gas adsorbed, the volume of adsorbate when

monolayer is completeanddis a constant.

P
/V(Po -p)

€=/, ¢

Yime { ‘

p/ Po

Figure3.26: BET plat

Brunauer et al has shown that the best match between experimental and theoretical data is
in the 0.050.35 regiorof relative pressurer,] n » Where the theretical (BET) plots are liae

[135].

Specific surface aredy equals to surface area of adsorbent, divided by the mass of

adsorbent ¢ ):

Y - — - (3.13)

where ¢ is the number of moles of adsorbate in a monolayer,A & ! @2 3F RNR2Qa Y
(6.02210%% mol) and6 is the crosssectional area of the adsorbate molecula. case of

nitrogen as adsorbate& is 0.162nm?." is the molar volume of adsorbate.

BJHtheory: It assumesthat physical adsorption occurs on the pore walls and capillary
O2yRSya&al GAaz2zy GF1Sa LIXIO@E36BAY (GKS WAYYSNI OF LI

This can be accomplished by introducing the following assumpttincapillaries are
cylindrical and those with the same size behave the same during desorptioavekage
radius ofi [ is between the radius value apper and lower relative pressuredeFigure3.27).
In other words, the average capillary radiu§, is average value of capillary radius before,

i, and after,i , desorption. Ifi[ is the radius of the pore, during thé-th step of
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desorption (when Aty is applied),Yo will be the thickness of the physically adsorbed
layer that is desorbed at the corresponding relative pressure. Also, during-thestep of

desorption, the thickness of the adsorbate layeo {[136].

Figure3.27: Relationship betweetine poreandthe capillary radiusimage taken fronf136].

BJH theory ses Kelvin equatiofi36]to calculate the capillary radius,:

Yv iy g — 11 - (3.14)
wherer is the liquid nitrogen surface tension.

The apparatus for surface analysis consists of two parts: degassemahder. During the
degassing step, a blank burette is degassed first (with ma¥@and then a sample is added

to the burette. The burette with the sample is sent to degassing at@pyate temperature

to evaporate any moisture that sample took up, after which the mass of the tube with the
degassed sample is measured §. It follows that the mass of the sample after degassing,
a & a . After that, burette with a sample is pladen the analyserand the nitrogen

isotherm ofsample is measured.

The density of diamond particles is taken to be 3.51 §/[8h Silica aerogel has a skeletal
density of 2.65 g/crh[137], which is the ratio othe mass per volume othe solid silica
backboneThe lulk density of silica aerogeiscalculated ashe ratio of the mass per volume

of the silica samplePorosity of a silica aerogel was calculated using the formula bi@lblv
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0 b p — P (3.15)

where” and” arethe bulk and skeletal density of the silica aerogegpectively.
3.8 Fallspeed

The fallspeedis used in theChapter 5.6or assessing the time before sedimentation of the
raw microdiamond powder, pure and microdiamceddped silica aerogel when these

particles are injected in giaccording to the equation 2.i& Chapter 2.1.4
3.9 Conclusion

Chapter 3 contains details on maitals used in this work along with the procedures carried
out to treat the HPHT microdiamond powder and synthesize aerogels. Also, the principles
behind the characterization methods of the prepared samples, as well as the conditions of
the measurements, & briefly describedSEM and TEMere used forassesingthe size and
shape of diamond particles, while Dis&s used to obtairinformation on particle size
Additionally, the surface of diamond particles was examined by FTIR and NMR spectroscopy
while Ranan spectroscopy was used to detect graphite phase on diamond paridetsH
measurement was done in order to assess the stability of nanodiamond colkRI3.was
utilised to identify the presence of the diamond phase in the diamdaded aerogels.
Aerogels werealso assessed by BET and BJH, skeletal and bulk density, and porosity
measurements. The diffuse reflectance was used to characterize raw microdigmre
aerogel and raw microdiamonrdoped aerogel fine powdersyhile the fall speed was
calculatedin order to evaluate the diamondoped silica aerogel composite for use as solar

scatterers.
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Chapter 4Raw and dindecenetreated microdiamonds

Diamond patrticles are suggestéd 8] to be very good solar scattereasnd high quality of
diamond would ensure the efficient utilization of optical properties. Also, diamond
functionalization could be useful in various applications including the field of lumineskcence
this chapter the results of thecharacteriation of the raw and lundecenereated HPHT
microdiamond powderare presented with the aim taccess the size and shape of diamond
particles, as well as to investigate the surface and purity/contaminatioth@fdiamond
powders including presence offgpaphitic carbon The ultimate goal is to compare the two
micradiamond powders and access whether the shaking treatment with beads could be used
in order to functionalize diamond particlessurface with alkyl grups The following
characterization techniques were useS8EM TEM DLSdistribution, Ramanscattering

spectroscopyXRD FTIR an8iMRspectroscopy.

The mw microdiamond powdeis used to dope silica aerogels in order to prepare a diamaond
doped silica aerogel composite material for use in solar geoenginesnththe results of the
analysis of the final diamondoped silica aerogere presented in Chapter.9 he properties
includng optical properties of those composites will be shown and discussed with a goal to

choose an optimal material for the application.

Furthermore, treatment of the microdiamonds could be useful for broader applications such
as in order to enhance or tunehe fluorescence of the fluorescent particld22].
Octadecylamingerminated nanodiamonds (NDDA) yielded blue fluorescence, which is
related to the covalent bonding between nanodiamonds and CQM38]. 1-undecyt
terminated nanodiarmonds had narrower and blue shifted fluorescence compared to the
unfuncationalized nanodiamond439]. It has been reported that Ge quantum dots (QDs)
functionalized with loctadecene showed much higher quantum yield than unfuctionalized
Ge QD$22]. Also, Si QDs showed different lifetime of decay when the surface was terminated
with alkyl and oxygef22]. Hence, it is suggested the treatment of fluorescent diamonds, such
as NV and NV{hitrogen-vacancynitrogen)colour centres could further improve their optical
properties. Moreover, silica aerogel has been reported to increase the lifetime of the decay

of fluorescent nanodiamonds when used as a matrix for nanodiamf@g]s
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Detonation nanodiamonds treated with-Undecene with zirconia beads milling and
soxhletation have been previously reported~i f £ S NI3H, wEeMBhatmhdiamonds were
de-agglomerated and functionalized byuhdecene. In this chapter it is attempted to adapt
the procedure to HPHT microdiamonds. HPHT diamoadigles do not inherently
agglomerate due to absence of graphitic carbon pH&3g. Neverheless, functionalization

of the microdiamond surface is examined.
4.1 Scanninglectron microscopyf microdiamonds

SEM(methodology described in Chapter 3.2.1) imagésaw microdiamond powder are

given inFigure4.1, while l-undecenetreated microdiamondpowder freparation method

describedin Chapter 3.1.2) is presentad Figure4.2. Diamondparticle size is up to um.

Both diamond powders contain irregular particles with sharp edges, which does not change

with the treatment. These results also confirm that the raw diamond particles are within a
szerangeof >Y3X a4 &l 4GSR o0& GKS &dzlJLJX ASNJ 9f SYSy

18kU

Figure4.1: SEMmage of raw microdiamondowder with scale bar: a)5 Y3 | VYWRFrdO 0 ™
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Figured.2: SEM image of-lindecenereated micradiamond powdewith scale bar:a) & Y %
andb) 1> YO

4.2 Transmission electron microscogfymicrodiamonds

Similarly to SEM imagingEM (methodologydescribed in Chapter 3.2.2) imagsisown in
Figure4.3 and Figure4.4 are used to look closer at microdiamond particlesdoe and after

the treatment with Xundecene greparation method described in Chapter 3.1.2),
respectively.Sharp edges of diamond along with irregular shape stay after the treatment,
without any significant difference in diamond particle size before aftérathe treatment

The TEM images shdawe size of diamonds for both raw and treated microdiamond powder
to be ~ 500hm, which is in agreement with SEM imag€ke particles have sharp edges in

agreement with SEM, see for exampligure4.1b.
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Figure4.3: TEM image of rawnicradiamondparticles with scale bar: a)&n, b) 500nm,
and c) 500m.
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Figure4.4: TEM image of-undecenedreated microdiamond prticles with scale bar: a) 2
pum, b) 500nm, and c) 50Gm.

4.3 Dynamic light scatteringf microdiamonds

Figure4.5 shows he DL®atrticle size distribution (methodology describedChapter 3) of

both raw (in black) and treated (in red) microdiamond powdpreparation method

described in Chapter 3.1.2).The number distribution peaks at 295 nm for the raw
microdiamonds, while the maximum for the treatedicrodiamonds is at 255 nm. The Z

average decreaseBom 552.1 + 7.3am (raw diamond) ta507.7 £+ 2 nm (lundecene

diamond). This suggests that althoutijle particles cover a broad size range from about-150

Hann YY3S GKS 3INBFG YI 22 NAThisrelfilsosuggBstsitiat hd A Of S &
bead shaking slightly decreased the particle dizean be also noticed that the distribution

of the paticle size of the dundecenetreated microdiamond is narrower compared to the

raw powder. It is assumed thathe functionalization with Jundecene chains terminates the

surface of diamond and could stop polarizationces betweensome diamond particles.
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Moreover, DLS distribution andaXerage are in agreement with SEM and TEM seen above

(Chapter 4.1 and 4.2).
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Figure4.5: The DLS particls&e distribution ofaw diamond (black) and-@ndecene

treated diamond (red)
4.4 Ramarscatteringspectroscopyf microdiamonds

Raman spectra for raw (iblack) and treated (in red) microdiamongréparation method
describel in Chapter 3.1.2) are representedhigure4.6 (methodology described in Chapter
3.4.3). Thediamond feature related to the cubic phase appears at 1332 {0, 141]
Absenceof the graphitic peaks at 1350 chiD-band) and 1590 crh(Gband)[140] in both
Raman spectra suggests that shaking with beads during the treatment doegiveotise
graphitic carbon on the surface of the diamond particles and shows that lémond
powders have a high level piirity. This is advantageous for use of diamond particles as solar
scatterers, where UV/Vis radiation originating from the Sun tsabsorbed by graphitic layers

on diamond particle§l42].
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Figure4.6: Ramanspectrum ofraw (black) and dundecenereated microdiamond (red)
4.5 Xray diffractionof microdiamonds

Figured.7 presents theXROmethodology describeth Chapter 3.3) patterns of raw (in black)
and treated (in red)greparation method describetoh Chapér 3.1.2) microdiamonds, where
the cubic diamond phase is identified with three crystallograptémes (111) at 44, (220)

at 75.4° and (311) at 91.4 [143]. The treated diamond powder XRD pattern has two
additional peaks at 28 ©,31° and 50° that are related to the zirconium oxide, which is
believed to originate from the bead during the shaking treatment. No graphitic peak #002)
2/ =27° [144] confirms Raman measurements (Chapter 4.4) that shaking did not introduce
significant graphit carbon concentrationsn the diamond particle surface {indecene

treated diamond.
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Figure4.7: XRDpatternsof raw (black) and-lndecenereated microdiamond (red)
4.6 FTIRspectoscopyof microdiamonds

TheFTIR (methodologgescribed in Chapter 84) spectra of raw (in black) and the treated
(in red)(preparation method describeth Chapter 3.1.2jnicrodiamondpowder is shown in
Figure4.8. The absorbance bands at 2958, 2923 and 2855amm relatedto the presence of
-CHx groupg145] in the spectrum of dundecene treatedmicrodiamond, indicatingthe
functionalization ofthe surface of the treated diamondlhe bands present at- 3950
3550cnT! and ~ 190a1325cm?! suggestvater absorptionas both powders take up moisture
from the air. Alsothe presence otharacteristic bands for carbon dioxide3300cnT?) is

observedin the spectra.
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Figure4.8: TheFTIRof raw (black) and dundecendreated microdiamond powder (red)
4.7 Nuclear magnetipesonancespectroscopyf microdiamonds and-Gindecene solution

NMRexperiment was described in Chapteb 8f this work, in order taeexamine the surface

and the surface groups of microdiamond powders, as well as to look at the presence of sp
and sp carbon in those samples. The raw and treatpdeparation method describeth
Chapter 3.1.2) microdiamond powders andurddecene solutionas a reference were

recorded.
4.7.1Solidstate 1H NMRdata of microdiamonds

Figure 4.9 and Figure 4.10 show 'H NMR spectra of raw and treated microdiamond,
respectively. Lowignal to noise ratio in the spectrum of raw microdiamond indicates a low
content of protonsin the sample, while the peak at 1 ppm in case of treated microdiamond

is related to the presence of alkytoups[146].
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Figure4.9: Solid-state *HNMR spectrum afaw microdiamond.
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Figure4.10: Solidstate *HNMR spectrum af-undecenereated microdiamond

87



4.7.2Solidstate 3CNMR dateof microdiamonds

13C NMR spectra of raw and treated microdiamond were obtained using both-cross
polarization (CP) and miegangle spinning (MAStechniques. Inthe case of raw
microdiamonds, a low signal to noise ratio spectrum was observed f0MAFR (sed-igure
4.11), whilea highersignalto noise ratiowas noticed for MAS (sdegure4.12). Both CRIMAS
and MAS experiments for raw microdiamond showed a peak at 34 ppm consistent With sp
hybridized carborj146], only that a stronger signal was obtained in the MAS spectrum. It is
proposed that a weak signal with G#AS is due to a very littlerpton on the surface of the

raw microdiamond, also observed in tH¢ NMR spectrum (se€igure4.9).
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Figure4.11: Solidstate *CNMRCRMASspectrum of raw microdiamond
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Figure4.12: Solidstate 3CNMRMASspectrum of raw microdiamond

Similarly to'3C NMR spectra of raw diamond, treateicrodiamond was measured using-CP
MAS and MAS techniquesegFigure4.13). In theCRMAS of treated microdiamond (green
spectrum) strong peaks at 2125.7 and 43.4 ppnndicatethe presence of protons and are
related to alkyl groups onthe diamond surfacg146]. Also, MAS spectrum of treated
microdiamond(red) showed a strong signal at Bgm due to presence $pybridized carbon
[146]. In13C NMR spectra of both raw and treated microdiamonds, no evidenpeaKs at
120 ppm suggests the absence of Bpbridized graphitic carbofi46]. Hence, it is proposed

that microdiamond treatment does not give rise to graphcarbon.
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Figure4.13: Solidstate > CNMRCRMAS (green) aniMAS (redspecta of 1-undecene

treated microdiamond

4.7.3Solutionstate 3CNMR dataof 1-undecene solution

13C NMRspectrum ofl-undecene (GHy2) is presented ifrigure4.14. Peaks from 0 to 50 ppm

are related to the presence of alkyl groups in the sample, while the two peak$1s and

~140 ppm are due to alkene groufps46]. Triplet at ~77 ppm corresponds to the solvent

CDG Peaks at 11340 ppm were not observed in the spectra od treated microdiamond (see

Figure4.13), indicating that the treatment of raw microdiamonds breaks down the double

bonds. Also, it is suggested that since the sstate NMR peaksra in general broader and

may overlap, the solutioistate NMR gave rise to more peaks in thB@ppm rangg115].
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Figure4.14: Solutionstate 13*CNMRspectrum ofoure tundecene.

From NMR experiments is conclude that the treatment of raw microdiamonds with-1
undecene and zirconia beads leads to disappearahedkene related groups. It is suggested
that after the double bond of -indecene is token, alkyl groupgCH) are attached to the
surface of the treated microdiamais and form chemicabonds. Furthermore after the

treatment of microdiamonds, graphitic carbon does not appear on the diamond surface.
4.8 Conclusion

The shaking methodised in this chaptehas been modified from a method for de
agglomerating and functionaing the surface of the detonation nanodiamond&ince the
diamonds in question in this chapter are migiaed HPHT diamonds and hence no

agglomeratesnor any big changa particle size was expected.

FTIR and NMR spectroscopies confirm the presefdgdrophobicalkyl surface groups in
the treated microdiamond powder originating from the bead shakingumdecene. SEM and
TEM confirm that thaliamond patrticle size and shape did not significantly change after the

treatment of the raw diamondAlso, itis suggested that alkyl chains on the particle surface
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could keep small particles separated from bigger particléss could leadto narrower and
slightly shifted DLS distribution to the smaller particle rangkile confirming the average
size of both diamond powdstto be about 500 nmThe treated diamond powder contains
small amount of impurities (zirconium oxide) introduagaring the shaking (shown by XRD),
but remain pure without a presence of sgraphitic carbor(confirmed byRaman scattering

and NMR spectroscopy) or contamination similarly to the raw powder.
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Chapter SDiamonddoped silica aerogels

Thischapter shows the characterizatn of silica aerogel without and with diamond doping
with raw microdiamonds characterized in Chapterlnat.this chapter, the study of silica
aerogels is presented with the aim of showing the porosity and surface aseeell as the
diamond doping and thesffect of doping on silica aerogel properti€SEM, TEMFTIR
spectroscopy,XRD BET surface areand BJH pore size distribution and reflectance
measurement were used. The goal is to synthesize a diachoped silica aerogel that is
highly porous and light to both accommodate diamond particles and stay in the atmosphere
for a long time in order to reflect asuch of the Sunlight as possible in thé/VisNIR At the

same time, high transmittance in the IR intrinsic for diamond would allowabgnrbance of

the IR coming back to spaaerh the Earth.

In thischapterthe results ofthe reflectancemeasurement®f diamond in silica aerogetse
presented encouraged by the aforementioned theoretical models suggesting potential use
of these materials in solar geoengineering (as discussed in Chaptf]2HFreparation of the

pure and microdiamondioped aerogels and characterization methods were described in
Chapter3. The current work focuses on bulk measurements of the prepared aerogel in a form
of a granulated layer. By grinding and size selection of the diardopéd silica aerogel solid
atmospheric aerosols could be obtained, which could be used for solar sogtféti The
obtained results from this work can be used as a starting point to evaluate the proposed novel
composite material and offer insight for the possible further future improvemeritse
reflectance data of raw microdiamond powder, pure silica aerogel and 900 ppm raw
microdiamonddoped silica aerogel presented in thikapter have been publishefl47].
Additionally, the publication included the characterization of raw microdiamond powder
(presented in Gapter 4) and characterization of pure silica aerogel and 900 ppm raw

microdiamonddoped silica aerogel (also presented in tthapter).
5.1 Scanning electron microscopysilica aerogels

The SEM (methodology described in Chapter 3.2.1) imagd the pure silica aerogel

(preparation method describeth Chapter 3.1.3) prepareas a fine powder is presented in

Figure5.1, where particles cover thevide range of sizesMB ¥ a2YS o6SAy 3 aYl
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G2 GK2asS oA 33SiNadedfing’ powdenersgéldpadicies Wege also optically

measured in Section 5.7.

Diamondpatrticles in silica aerogels coutdt be observed by SEM, due to the fact that they
were covered by silica aerogel8s such, the pure and diamostbped silica aerogels both
resembledone another.The SEM images of pure silica aerogel is presentédgimre5.2,

where a typical porous aerogel structure is observed

Figure5.2: SEM image of pure silie@rogel with scale bar: a) 500n, and b) 206m.
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5.2 Transmissiorlectron microscopgf microdiamonedoped silica aerogel

The TEM (methodology described in Chapter 3.2.2jnage of the pure silica aerogel
(preparation method described in Chapter 3.1.8€Figure5.3) is in agreement with SEM
image of the pure silica iterms of high porosityand grapelike structure.The darker areas

are due to the overlapping layers of silica particles which form the networking microstructure
of the aerogel The 90pm diamonddoping of silica aerogel (preparation method described
in Chapter 3.1.3)was capture by TEM iRigure5.4, which shows that the silica aerogel
contains adiamond particlewith alength of ~500 nm Diamond particlesnaintain their sharp
edges, size, and irregular shaphich isconsistent with the diamondnages prior to doping,

as seen in Chapter (Section 4.1 and 4.2). The influence of the incorporation of diamond on

the nanoporosity of silica will be discussedSiections 5.5 and 5.@funauerEmmettTeller

(BE7 andBarrett-JoynerHalenda BJH analysis, and density calculations, respectively)

Figure5.3: TEMimage of pure silica aerogel with scale bar: a) 500 amd, b) 2000m.
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Figure5.4: TEMimageof 900ppm rawmicrodiamond/silica aerogel with scale bar: a) 500
nm, and b) 20Gim.

5.3 FTIRspectroscopyf silica aerogels

There is no difference in FT{iRethodology described in Chapter43) spectra between the
pure and the 500, 700 and 9@@m rawmicrodiamonddopedspectra (preparation method
described in Chapter 3.1.8eeFigureb.5). Allaerogels show distinctive silica aerogel bands
[148]. Furthermore, the spectra are similar to the typical FTIR spectrum of hydrophilic silica
aerogel[149]. A representative FTIR transmittance spectrum is showkigare5.6. Water
(~1500 cm' and ~ 3500 cm) and carbon dioxide (~ 2300 @jnoriginating from the ambient

air, also appear in the spectrum. Bands at 800'@nd 1075 cm are related tothe SiO-Si
symmetric and asymmetric vibratio$48], respectively. The presence ofG3{ groups on

the surface is confirmed ke 550cnt and 960 crt bands[148].
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5.4 Xray diffractionof silica aerogels

TheXRD(methodology described in Chapter 3.3) patterns of pure and 500, 700 angp®00

raw microdiamonedoped silica aerogels (preparation method described in Ch&pieB) are
presented inFigure5.7. All silica aerogels have a broad, amorphous peak aP+182], while

all doped aerogels show three additional crystalline diamond peaks. A representative XRD
pattern of a diamonetloped silica aerogel is representedkigure5.8. The diamond peaks
correspond to the cubic diamond structure with the following diamond plaid8]: 44°

(111), 75.# (220) and 91.4(311). Furthermorethe XRDpatterns are in agreement with the

observeddiamonddoping of silica aerogel determined by TEM.

Offset intensity
K2} {8

20 40 60 80 100
2d

Figureb.7: XRDpatterns of a) pure, b) 50@pm microdiamonds/silica, ¢) 7@pm

microdiamonds/silicaandd) 900ppm microdiamonds/silica aerogel
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Figureb.8: Arepresentative XRD pattern of: a) pure, and b) diamdoipled silica aerogel

Additionally, the results of the XRD quantitative analy@isethodology described in
Chapter3.3) of 500, 700 and 90ppm raw microdiamonds in silica aerogéfseparation
method described in Chapter 3.1&)listed inTable5.1. For the silica aerogels doped Wit

raw microdiamondsthe higherthe doping concentrations in precursotfie higheramount

of the diamond in the final silica aerogeldencethe final diamond incorporation in silica
aerogels is as follows: 500 R (286)< 700 R (3.0vt%)< 900 R (3.3vt%)(seeFigure5.9).
Accordingly, all samples have more than 96 wt% of silica aerogel. XRD percentages for the
synthesized aerogels are consistent withe adapted procedure[104], where Ni
nanoparticles are doped to TEOS aerogels with concentrations of 500, 700 appradn

the precursor solution and 2-8.9 wt% in the final aerogel.
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Table5.1: Comparisorbetween concentration of diamond in the precursor sol (ppm) and

amount of diamond in the final silica aerogel (%)

Concentration of ' N
. . Diamond wt% (XRD| Silicawt% (XRD)
Sample diamond in the
[£0.1 wt%] [£0.1 wt%]
precursor sol (ppm)
Pure 0.5 0 0 100
Pure 0.6 0 0 100
500 R 500 2.8 97.2
700 R 700 3 97
900 R 900 3.3 96.7
S
S35
$3.4-
o
T 3.3-
Q]
Q
= 3.2
= 1
£ 3.1
o 1
S 3.0
£ |
229+
o
£
@ 2.8
©
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>
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Concentration of diamond in the precursor sol (ppm)

Figureb.9: Plotof concentration of diamond in the precursor sol (ppm) Vs amount of
diamond in the final silica aerogelt®o)for 500, 700 and 90ppm microdiamonds/silica

aerogels.
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5.5 BrunauerEmmettTellerand BarrettJoynerHalendaanalysiof silica aerogels

The adsorpbn-desorption isotherm (methodology described in Chapt&) 8f pure and 500,

700 and 900 ppm raw microdiamortbped silica aerogels (preparation method described in
Chapter 3.1.3) are presentedhigure5.10-5.14. As described in Chapter 3.1.3, two pure silica
aerogels were prepared, with 0.5 and @b catalyst, in order to be used as reference samples
for 500ppm (prepared with 0.5nl catalyst), and 700 and 9@@m (prepared with 0.6 ml
catalyst) raw microdimond-doped silica aerogels. The presence and shape of the hysteresis
loop (H1 type) is observed, that suggests the presence of open cylindrical mesopores in all

samples of aeroge[434].
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Figure5.10: The nitrogen adsorptiedesorption isotherm and the p® size distribution of

the 0.5 ml catalyst pure silica aerogel (as insert)
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Figure5.11: The nitrogen adsorptiedesorption isotherm and the pore size distribution of

the 500 ppm raw microdiamonrdoped sica aerogel (as insert).
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Figure5.12: The nitrogen adsorptiedesorption isotherm and the pore size distribution of

the 0.6 ml catalyst pure silica aerogel (as insert)
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Figure5.13: Thenitrogenadsorptiordesorption isotherm and the pore size distribution of

the 700 ppmraw micradiamonddoped silica aerogghs insert)
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Figure5.14: The nitrogen adsorpticdesorption isotherm and the pore size distribution of

the 900 ppmraw micradiamonddoped silica aerogéas insert)
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Table5.2 lists BET surface area, pore specific volume, average pore size and porosity of pure
(0.5ml catalyst), pure (0.6l catalyst), 500, 700, 900 ppm raw microdiamaiaped silica
aerogels. Igereral, it can be seen that the higher BET surface area of the final microdiamond
doped aerogels is obtained when less diamond is added to the precursor sokgieRidure
5.15a). Similarly, higher BET surface area is observed in case ahiawdiamonddoped

silica aerogels when less diamond is incorporated in the final aerBgglr€5.15b), where

BET surface area was in the range -245m?/g. The 700 ppm raw microdiamortbped
aerogel sample does not follow this decrease trend in BET surface area. Therefore, it can be
assumed that diamond particle® not decrease the surface area just due to doping but due

to increasing the stress in the silica possibly breaking and inducing stress to silica network
during drying. Averageore diameter is the lowest for pure aerogels with @ad 0.6ml
catalyst with them having the highest BET surface area of all aerogelsni®g4and
459m?/g, respectively).It can be concluded that doping of silica aerogels with raw
microdiamonds decreases the surface area with a slight increase of averagdiaoreter
(Figureb.16a and b)However, the surface area and porosity remain high which would reflect
greatly on the predicted fall speed of pure and 3§in raw microdiamonaioped aerogels
discussed in the following section (Section 5.6). No relationship betweguutieeand doped

aerogels is observed for pore specific volume.

Table5.2: Relationship between with XRD percentage of diamond in silica aeroged&dnd

surface area, pore specific volume, average pore dianatd porosity

_ Pore specific
Diamond Average pore
BET SA, ffy volume, _
Sample wt% (XRD) diameter, nm
[+5m?/(q] cm/g
[£0.1 wt%] [£0.1 nm]
[+0.02cm?/g]
Pure 0.5 0 544 1.85 12.0
Pure 0.6 0 459 0.64 4.7
500 R 2.8 445 2.24 177
700 R 3 215 0.87 19.6
900 R 3.3 284 2.25 202
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Figure5.15: a) BET surface area Vs concentration of diamond in the precursor sol, and b) BET
surface area Vs amount of diamond in the final aerogel, for pure (Ocatallyst), pure (0.6

ml catalyst), 500, 700 and 900 ppm microdiamatoghed silica aerogels
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Figure5.16: a) Average pore diamet&fs concentration of diamond in the precursor, sold
b) Average pore diamet Vsamountof diamond in thdinal aerogel, for pure (0.5 ml

catalyst), pure (0.6 ml catalyst), 500, 700 and 900 ppm microdiardopéd silica aerogels
5.6 Density and fabpeedof silica aerogels

The skeletal densities of pure and 500, 700 and 900 ppmmérodiamonddoped silica
aerogels (preparation method described in Chapter 3.1.3) are includédbfe5.3, where
the pure and raw microdiamondopedsilica aerogels show similar skeletal density of ~2.65
2.68g/cm?. The masper volume (bulk density) was determined and along with the skeletal
density, porosity of all samples wealculated (methodology describ&a Chapter 37). Itcan
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be observed that the densitglightly increase and porosity decreaseafter doping with
microdiamonds, as 500, 700 and 900 ppm raw microdiarmbojked silica aerogels shoav
higher density(~0.3530.381g/cm®) anda lower porosity (~ 85.86.8%)compared tothe

0.5 ml catalyspure silica aerogel (bulk densiof 0.281 g/cnd and porosity of 834 %). The
amount of catalyst (0.6 ml) used for the doped aerogels with 700 and 900 ppm raw
microdiamonds is higher than that féine 500 ppm raw microdiamonds in silica due to the
necessity of speeding up the gelation process in order to mitigate dianmparticle
accumulation and sedimentation. Compared to the pure silica aerogel witmOcatalyst,

the pure silica aerogel with 0.6 ml catalyst has slightly increased bulk density (3c282

and decreased porosity (8998). The bulk density and porosityeasurements suggest that
the doping with all three concentrations seem to have greater influence on the increase of

the bulk density and the decrease of the porosity than the influence of the amount of catalyst.

Table5.3: Relationship between with XRD percentage of diamond in silica aerogels and

skeldal, bulk density and porosity

Diamond % Silica % Skeletal Bulk density,
Sample (XRD) (XRD) density, g/lcm?® Porosity, %
[+0.1wt%)] | [+0.1wt%] glcm? [+0.001g/cm?]
Pure 0.5 0 100 2.65 0.281 89.4
Pure 0.6 0 100 2.65 0.282 89.3
500 R 2.8 97.2 2.67 0.353 86.8
700 R 3 97 2.68 0.381 85.8
900 R 3.3 96.7 2.68 0.368 86.3

Table5.4 shows the average fall speed and time before particle sedimentation (methodology
described in Chapter 8) for raw microdiamond, pure silica and 999m rawmicrodiamond
doped silica aerogel particles, ftle values of pressure, p=25 hPa, and temperature, T=
220K, which are the conditions of pressure and temperature at the altitude of 20 km in the
stratosphere where solar aerosols are sugge$8do be injected. Even though these values
change during the particltll, the aim isto give an idea of a fall speedétime (in days)he

diamonddoped silica aerogel particles would stay in the atmosphere. Furthermore,
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theoreticalmodelsshouldbe employedn order to take changes in pressure and temperature
into account and predict more precisely the fall speed angetiSince the highest wt%f
microdiamonds in aerogel was in case of @ microdiamonds/silica sample, the fall

speed (Section 5.6) and reflectance (Section 5.7) were obtaingdgbsample.

Table5.4: Aweragefall speed and time accordingly for raw microdiamond, pure silica and

raw microdiamonedoped silica aerogelccording to equation 2.5

Average time
Particle size| Average density, | Average fall speed in the
Particle
pm* g/cm? cm/s atmosphere,
days (years)
Microdiamond 0.5 3.51 0.0219 1057 (2.9)
Pure silica
1 0.281 0.0070 3306 (9)
aerogel
Raw
microdiamond
N 1 0.368 0.0092 2516 (6.9)
doped silica
aerogel

*particle size is taken according to the average diamond particle sizenseDLS, as well as

aerogel particle size seen on TEM and within the size range of minimum inhalation for humans.

The average value of fall speed for both pure and doped aerogels are significantly lower
(0.0070 and 0.0092m/s, respectively) than that adiamond particle alone (0.021@n/s),
leading to years (9 and 6.9 years for pure and diardopled aerogel, respectively) of staying

in the atmosphere before sedimentation. The average density for aerogel particles are taken
for comparison since no sizelsetion of the aerogel particles had been performed. However,

it is suggestethat the average fall speed could be used for offering an indication of how light

the prepared materials are.
5.7 Reflectancef microdiamonds, pure and microdiameddped silica aegel

Figureb5.17 showsthe total diffusereflectance(methodology described in Chapter 3.4pk)t
for a)the glass sliddy) raw microdiamond powderg) pure silica aerogeandd) 900 ppm raw
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microdiamonddoped silica aerogel (preparation method described in Chapter 3.1.3). The
glass slidewithout a samplewas also scanned to account for the sample holder refleganc
Raw powder, pure silica aerogand diamonddoped silica aerogedamples alkexhibited a
reflectance between 3®0 % out of whichthe glass slide contribign to the reflectances
onlya couple of percentt can be seethat pure damondsdecrease reflectance in the UMs
(290-600 M), while improwng thereflectance inthe NIR(>2000nm), when compared to
pure silica aerogelhis is a bit surprisingput can be explained because the diamond powder
appearsbrown in colourso increased absorption in the Vis region is expected tlagckfore

the subsequent reduction of the reflectancBiamonds (without impurities and defects)
generally will not absorb in the wavelength range of 22% to 1mm and its structural
symmetry leadsto non-IR absorptiorj69]. However, thigbsorption edge can be shifted to a
wavelength of 29¢im, when nitrogen impurities are presefit51]. These nitrogen defects
might have been introduced into the diam@npowder during a highpressure high
temperature (HPHT) synthesis. The nanoporstrsicture of silica aerogels gives rise to
Rayleigh scattering, which is more intense for shorter wavelength scattering when the
sunlight is passing throudB5]. Hence, the high reflectance of silica aerogel in the region of
~290-400nm was measured. From there, the silica aerogel reflectance decreases 46 ~
800nm because the transmission in this range increases towards longer wavel¢hg#hs
Also, it suggested that Mie scattering of the incoming radiation contributes to the reflectance
in case of diamond particles and the white fine powder silica aerogel, which is not strongly
wavelength dependenfThebands associated thi the regions~- 1400nm and~1900nm are
related to waterand CQ absorption and appear only in silica aerogel reflectance patterns
[36, 37] The gratings change at 78, while detectors switch at870 nm and 165@m and
these show as features in the specfi®3]. The combination o©-H and SO in the structure
gives rise tahe ~2300nm and 2500hm bandg36, 38, 39] These two absorptions are typical
for silica aerogel. It can be sedmat with the addition of diamond these two bands haae
lower intensity. Taking into accourihat only ~3.3wt% of diamondis added to the silica
aerogel, the impact of diamond on the final reflectance of the dop#ida aerogel in the ~
2300-2500nm reflectance range is significantherefore, diamond justifies the theoretical
predictions[6] about improving norabsorption in theNIR region However silica aerogel
aloneshowed the highest reflectanae the UVA/UVB200-400nm) rangeThis suggests that

silica aerogel would reflect this harmful radiation back into space and lessen the amount of
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Figure5.17: Reflectancespectra of: a) glass slide only, b) pure aerogel, ¢) raw microdiamond,

and d) 90ppm raw microdiamondalopedsilica aerogel.

5.8 Conclusion

In this work, a diamondoped silica aerogel for solar geoengineering has been successfully
synthesized for the first time to the best of our knowledge. After doping with diamonds
(particle size ~ 500m), silica aerogel remagal porous, with a low density, and a high surface
area.For theintended application of the doped aerogel assolar aerosol materiag 1 pm
composie size, observed by TENulfils the prerequisite safety condition concerning particle
inhalation. Refle@nce of the prepared composite was measured to investigate the effect of
the diamond doping on the optical properties of the silica aeroigeould be noted that the

microdiamonddoped aerogels had lower surface and higher density compared to the pure

silica aerogels.

109

a



Due to its nanostructured composition, silica aerogel alone contributes to the highest
scattering which is evident in the UVA/UVB/Vis wavelength range, whereas the diamond
particles and diamondoped silica aerogels allow improved scatteringhe NIR radiation
range. As for the UV/Vis region, composite shows lower reflectance compared to pure silica
aerogel. Possible reason is that the HPHT diamonds often conta#fluzoascent isolated
nitrogen atoms in the diamond lattice that absorbglow about 550nm [154]. Soit is
suggesed that one possibility in the future would be to usbamond particleswithout
isolated nitrogen imurities, which could improve further the upcattering in the UV/Vis.
Ultimately, the reflectance data support the use of silica aerogel alone as a good scatterer in
the UV/Vis, while the optimization of thelaimonddoping is promising to further enhance

the scattering in the UV/Vis and the transmission in the IR.

Importantly, the proposed composite design offers an opportunity to conduct a comparative
optical study with smaller sized diamonds (hanopartictesd,00nm), where silica aerogel
would serve as a matrix in order to maintain the aerosol particle size in the safer range (0.1
1 um). Additionally, narrower size selection of the diamond dopant, as well as the doped
aerogel, would allow measurement thatr account for the specific particle simflectance
relationship. In addition, due to the much lower density of aerogels compared to the density
of diamonds, silica aerogels and silica aerogel diamond composite materials can provide
substantially longelifetime of aerosols in the stratosphere before they sediment and ifall.

is believed that lis work can give incentive to further research into the aerosol
geoengineering field, in particular stratospheric chemistry and safety of the proposed
diamonddoped silica aerosols based on the surface group interaction with resident

stratospheric particles.
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Chapter 8Detonationnanodiamonds in silica aerogel

The results of characterisation of nhanodiamemde presented in this chapteadRTEMvas
usedto assesgheir size,while SAED and EEM®&re usedto confirm the nanodiamond
structure and presence of&parbon on the surfacéJV/Vsabsorption spectroscopy was used
to show opticabehaviourin the range that is of interegor solar scatteringNanodiamond
colloids with different concentrations ®t% and 1wt%) were characterized by pketa
potential andDLSn order to examine their stability over time. Nanodiamonds were used to
dope asilica aerogel. The characterization of nanodiamdoged silica aerogelas done by
HRTEMnd XRDOnN order to observe nanodiamond distribution and content in the aerddel
BETsurface area andJHpore size distribution were obtained to compare surface area and
pore size of the pure and nanodiameddped silica aerogel. €hobtained results in this
chapter were compared to the data discussed Chapter 5raw microdiamonds in silica
aerogelsDue to presence of graphitic surface on the nanodiamonds, these particles are not
suitable for geoengineering as they absorb U¥fddiation. Nevertheless, some properties
are desirable for progression towards improving diamdoged silica aerogel for the solar
aerosols application, such as higher content of nanodiamonds in the final doped aearogel
comparisonto that of microdiamond, and higher surface area afanodiamonddoped

aerogelthan before thedoping.

As discussed in Chapter 2, nanodiamofictam NanoCarbon Instituteyith graphitic shell on

the surface exhibit positive Zeta potential acidic pH +4.7-5.2). Furthermore, the most
stable nanodiamond concentration in a colloid was determined to &%, whereas the
nanodiamonds agglomerated and formed bigger particles in case of further dilinidinis
chapter, it is aimedo observe the stability of nanodiaond colloids of different dilutions over

time (6days). ZetgpH and DLS measurements will be used to evaluate the stability of colloids.
Also, nanodiamonds will be added to silica aerogel in order to study the doping and silica
aerogel properties such asirface area, density and porosity after addition of nanodiamonds,
similarly to microdiamond doping of silica aerogels in Chapter 5. The goal is to compare how
diamond particles size influence the properties of silica aerogéhough detonation
nanodiamand with graphitic carbon shell are not suitable for solar scattering, the smaller size
can be used in order to investigate the proposed concept of this thesis, which is a dmamond
silica aerogel composite for geoengineering.
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6.1 Characterization ofyre detonaton nanadiamonds

Nanodiamonds dispersed Dl water (preparation method described in Chapter 3.1.4) were
imaged in order to examine the particle size and presence of graphitic carbon on the diamond

surface.
6.1.1Highresolution transmission electron microscopganodiamonds

Figure6.1 shows theHRTEM image of nanodiamosdmethodologydescribed in Chapter

3.2.2). Itcan be observed thatanodiamondsare between~2-5 nm in size.
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Figure6.1: HRTEM images of nanodiamonds circled in red with scale barna),26)
10nm, ¢) 5 nm, and d) 2m.

6.1.2Selected area electrorffdaction of nanodiamonds

TheSAEOmethodologydescribed in Chapter 3.21 patternof nanodiamondss presented
in Figure6.2. Nanodiamonds match the typical cubic diamond SAED pattern of characteristic

diamond planes with Miller indices (111), (220) and (31%%].
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