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Abstract

Silicon nanocrystals (SiNCs) are a class of quantum dots (QDs) exhibiting unique size- and
surface-dependent optoelectronic properties. They have shown promise as a safe and viable
alternative to traditional compound QDs, mainly because silicon is non-toxic and earth-abundant.
These NCs are attractive for potential applications, ranging from optoelectronics (e.g., light-
emitting diodes) to energy storage devices (e.g., lithium-ion batteries (LIBs)). To access the
unique properties of SINCs and expand the scope of their applications, they must be transferred
to functional structures (e.g., optical media, conductive matrices, patterned substrates). Hence,
this thesis focuses on two approaches to transfer SINCs from solutions to a solid host/substrate:
aerogel incorporation and patterned transfer.

Aerogel incorporation involves incorporating SiNCs into an aerogel host to improve NC
properties. In Chapter 2, SiINCs were incorporated into a silica aerogel host to combine optical
properties of SiNCs with optical transparency and low thermal conductivity of silica aerogels in
order to accommodate their optoelectronic applications. SiNC/silica aerogel hybrids were
synthesized by incorporating hydrophilic SiNCs of various sizes (d ~ 3 and 8 nm) and surface
groups (i.e., carboxylic acid, polymer-coated alkyl, and polyethylene glycol (PEG)) into silica
aerogels. The resulting hybrid materials retain the optical response of the SiNCs, while the
optical transparency of the silica aerogel is only retained when 3 nm PEG-functionalized SiNCs
are employed; this emphasizes the impact of NC size and surface chemistry on optical properties
of hybrid aerogels. In Chapter 3, SiNCs were incorporated into a graphene aerogel host to
combine the high specific capacity of SiNCs with the high porosity and high electrical
conductivity of graphene aerogels in order to facilitate their LIB applications. SiNC/graphene
aerogel hybrids were synthesized by incorporating hydrophilic SiNCs (d ~ 3, 5, 8, and 15 nm)

into graphene aerogel hosts. The electrochemical characterization performed on the SiNCs and
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their corresponding SiNC/graphene aerogel hybrids indicate improved cycling stabilities and
high specific capacities for the hybrid aerogels. When the size of entrained SiNCs decreased, a
significant improvement on the cycling performance was observed; this highlights the role of
SiNC size on their electrochemical performance.

Patterned transfer involves transferring and positioning NCs on areas of interest on a solid
substrate, opening the door to advanced optoelectronic applications (e.g., flexible sensor arrays,
curved displays). Chapter 4 introduces a straightforward and cost-effective water-based approach
to transfer patterns of nanomaterials onto a variety of substrates, including non-planar surfaces at
low temperatures. Water-assisted transfer patterning of nanomaterials uses an inexpensive water-
soluble polymer film as a sacrificial carrier to transfer hydrophobic nanomaterials from a
patterned source substrate onto a target substrate. Using this approach, nanomaterials are
transferred readily from solutions onto surfaces of various shapes and compositions with good
fidelity for feature sizes approaching 10 microns.

A brief introduction to materials and approaches investigated in this thesis is presented in
Chapter 1, and a summary of the experimental Chapters, as well as future directions for these

studies, are presented in Chapter 5.
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Scheme 2-2. Coating of dodecyl functionalized SiNCs with the amphiphilic

polymer.

Scheme 3-1. Synthesis of a) 3 nm undecanoic acid-functionalized SiNCs (Si3-
COOH), and b) a graphene aerogel containing Si3-COOH (Si3-COOH/GA).
Photograph of Si3-COOH/GA under UV light is shown as inset. The scale bar is 1

cm.

Scheme 5-1. Synthesis of a SINC-RGO hybrid material.
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Chapter 1:

Introduction



1.1 Nanomaterials

Nanomaterials have attracted great attention since the discovery of fullerenes and colloidal
nanoparticles.'” They include any manufactured materials with at least one characteristic
dimension at the nanoscale (1-100 nm) exhibiting one or more dimension-dependent
properties/phenomena. The characteristic dimension could be the particle diameter, layer
thickness, or even the size of a pore, and many interesting dimension-dependent properties (e.g.,
optical, electrical, thermal, etc.) emerge at the nanoscale, mainly due to the large surface to
volume ratio and quantum confinement effects.’® There are many different geometries of
nanomaterials (e.g., nanoparticles, nanowires, nanosheets, etc.), and they are classified into three
main categories: zero- (e.g., nanoparticles), one- (e.g., nanowires), and two- (e.g., nanosheets)

dimensional nanomaterials.’

1.2 Quantum Dots

Quantum dots (QDs) are zero-dimensional semiconductor nanomaterials exhibiting unique size-
dependent optoelectronic properties upon reducing their size below the Bohr exciton
(electrostatically bound electron—hole pair) radius.'® One of the most explored optoelectronic
properties is size-dependent photoluminescence (PL). As the QD size decreases, the density of
electronic energy states decreases, leading to an increase in the band gap and a decrease in PL
emission wavelength; this results in the PL emission spectrum ranging from infrared to blue
light.""™"* A prototypical example of QDs (e.g., CdSe/ZnS core-shell nanocrystals) and their size-

14,15

dependent PL emission colors is shown in Figure 1-1a. The size-dependent PL is governed

by quantum confinement, which is the confinement of excitons within the QDs (Figure 1-1b).'®
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Figure 1-1. a) A photograph showing size-dependent photoluminescence of CdSe/ZnS core-
shell nanocrystals; the particles with the smallest (~1.7 nm) CdSe core emit blue; the particles
with the largest (~5 nm) core emit red. Reprinted with permission from Reference 14. Copyright
2002 Wiley. b) A diagram indicating the relationship between QD size and band gap. Adapted

by permission from Reference 16.

Group [-vi'’-2 (e.g., CdSe, CdS, ZnSe, ZnS, etc.) and -V (e.g., GaAs, InAs, InP,
etc.) QDs are the most widely explored QDs. These QDs have been studied for potential

applications, including light-emitting diodes (LEDs),***’ solar cells,”** sensors,’”" lasers,’***

36,37

and bioimaging;’*> however, the toxicity of heavy metals (e.g., Cd, As) and limited

38,39

resources for some elements (e.g., Ga, In, and Se) prevents their commercialization.



1.3  Silicon Nanocrystals

Silicon (Si) is non-toxic, earth-abundant, and the workhorse material in electronic devices.***!

While bulk Si has dominated the microelectronic industry for decades, its optical application is
limited. When the dimensions of silicon particles are decreased and approach the Bohr exciton
radius for Si (~5 nm), quantum confinement effects emerge, and PL shifts into the visible
spectrum.*® Silicon nanocrystals (SiNCs) are heavy-metal-free QDs whose optical response may
be tuned through the variations of NC size and surface chemistry.*** These NCs have been

investigated for potential applications in LEDs, sensors, bioimaging, and lithium-ion batteries

4448
I

(LIBs), and they are considered as a viable replacement for traditional compound QDs. n

this Section, the synthesis, surface functionalization, properties, and some applications of SiNCs

will be discussed.

1.3.1 Synthesis of Silicon Nanocrystals

Many methods have been developed for the synthesis of SiNCs since the discovery of

49,50

photoluminescent porous silicon by Canham in the early 1990s. These methods are based on

two general approaches: top-down, in which bulk Si is broken down into nanoscale particles, and

bottom-up, in which silicon-based precursors are processed thermally or chemically

oxidized/reduced to produce SiNCs.*"!

52,53 54,55

Top-down approaches include ball milling, chemical etching, electrochemical

56,57 58,59 60-63

etching, and laser ablation. Reduction of silicon halides or alkoxides, metathesis

67-71

reactions of Zintl salts (ASi: A = Na, K, Mg),64'66 decomposition of silane precursors, and

42,72-75

disproportionation of silicon-rich oxides are examples of bottom-up approaches. The

disproportionation of silicon-rich oxides is one of the effective approaches to synthesize size-



tunable SiNCs. Veinot et al. have reported a method for the synthesis of SiNCs via the
disproportionation of hydrogen silsesquioxane (HSQ) (Scheme 1-1).* HSQ was thermally
processed over the temperature range of 500 to 1100 °C under a slightly reducing atmosphere; an
optimum annealing condition of 1100 °C/1 h was identified to produce ~3 nm SiNCs embedded
in a Si0,-like matrix.*? The 3 nm SiNCs were liberated from the SiNC/SiO, composite via HF-
etching, and luminescent SiNCs with PL emission colors ranging from red to green by varying
the HF-etching time were obtained.* In a follow-up report, Veinot et al. synthesized SINC/SiO,
composites by varying the annealing temperature (1100-1400 °C) and time (1-24 h); this
allowed for the exploration of their size-dependent PL, covering visible to near infrared
regions.”” Hence, size-tunable SiNCs could be synthesized using the Veinot method by varying
the annealing temperature/time and/or HF-etching time; this is a key step to explore size-

dependent optoelectronic properties and applications.

’H
\Si\:OH_—S\iHU A
L _—0 i .
{ “‘7/? "\ 1100-1400°C, 1 h HF etching =
iH (o] - — = TE—
uSOTTO/ 5% Hyl95% Ar
O—si—0~" H
H/
HSQ SINC/SiO, Composite H-SiNCs

Scheme 1-1. Synthesis of SiNCs via the disproportionation of hydrogen silsesquioxane (HSQ).



1.3.2 Surface Functionalization of Silicon Nanocrystals

Hydride-terminated SiNCs (H-SiNCs), obtained from HF-etching of SiNC/Si0, composites, are
susceptible to oxidation; hence, surface functionalization is required for passivating their surface
and preventing oxidation, tuning and enhancing the PL response, inducing colloidal stability, and
tailoring the surface chemistry for targeted applications. Surface functionalization of SiNCs is

achieved commonly via reactions of surface hydrides or halides with appropriate ligands.”*'

Hydrosilylation is the most common approach for the surface functionalization of H-SiNCs.
Formally, it involves the insertion of unsaturated bonds (e.g., alkene, alkyne) across the Si—H
bonds to form stable Si—C bonds,”® and it can be achieved via thermal,””””® radical,”®

. 1 . 2-84
photochemical,®”®' and catalytic processes.**™®

Thermal hydrosilylation is the most widely
employed and straightforward approach for the surface functionalization of H-SiNCs; it is
performed at elevated temperatures (100-190 °C) in neat alkene/alkyne, which minimizes the
surface oxidation and provides high surface coverage.””* The thermal hydrosilylation leads to
the formation of surface bonded ligand oligomers, which potentially hinders many optoelectronic
applications due to the insulating nature of oligomeric surface groups.’”*® Moreover, it is not
applicable to low boiling short chain alkenes/alkynes because of the temperature requirements of
the reaction.* Radical-initiated hydrosilylation is an alternative approach that uses reagents (e.g.,
2,2'-azobis(2-methylpropionitrile), benzoyl peroxide) to facilitate the reaction at relatively low
temperatures (e.g., 60-85 °C) and provides monolayer surface coverage after short reaction

times.*® In the studies, described in Chapters 2—4, radical-initiated hydrosilylation was used for

monolayer surface coverage and thermal hydrosilylation for oligomeric surface coverage.



1.3.3 Optical Properties of Silicon Nanocrystals

The electronic properties and applications of bulk Si have been explored extensively, and it is the
workhorse material of the microelectronic industry.®” However, its optical applications are
limited due to its band structure. Silicon has an indirect band gap in which the highest point of
the valence band (VB) and the lowest point of the conduction band (CB) appear at different
wavevectors in reciprocal space; hence, the vertical band gap optical transition is forbidden
(Figure 1-2a).*" This transition can occur only with the involvement of a phonon (i.e., lattice
vibration). The possibility of a phonon-assisted transition in bulk Si is low, therefore, the PL

yield is near zero at room temperature.”’

a) Bulk Silicon b) Silicon Nanocrystals

Energy

Wave vector (K)

Figure 1-2. Schematic representation of band structure in a) bulk Si and b) silicon nanocrystal.

When the size of the Si particle decreases and reaches below its Bohr exciton radius (~5
nm), quantum confinement occurs, and excitons become confined within the NCs spatially.
Confining excitons results in the broadening of their wave function according to the Heisenberg

uncertainty principle.”””' This leads to an increased possibility of overlap between the VB and
7



CB wave functions and, consequently, an increased probability of radiative recombination
rendering SiNCs luminescent (Figure 1-2b).”" Although this discussion provides an explanation
for the observed photoluminescence in SiNCs, the specific origin of SINC PL is almost certainly

more complex and could involve band gap and/or surface state emissions (Figure 1-3).*432:%°
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Figure 1-3. The shift in PL of SiNCs as a result of a) band gap (Reprinted (adapted) with
permission from Reference 42. Copyright 2006 American Chemical Society), and b) surface

state emissions (Reprinted with permission from Reference 43).

The band gap emission model states that decreasing the NC size leads to an increase in band
gap energy, resulting in a blue-shift in PL emission (Figure 1-3a).****”° The surface state
emission model suggests that surface species (i.e., ligands, oxides) influence PL emission
(Figure 1-3b).**% Regardless of origin of the PL, the PL response of SiNCs opens the door to

numerous optical applications (e.g., LEDs, sensors, bioimaging, etc.).***"*

1.3.4 Electrical Properties and Battery Application of Silicon Nanocrystals
In addition to their promise in optoelectronic applications, SINCs are also promising anode

materials for high-performance lithium-ion batteries (LIBs). LIBs have been employed widely in



portable electronics, such as cell phones, laptops, and medical devices, due to their high energy
density and long cycle life.”*”® These batteries consist of one or more electrochemical cells
composed of three main components: an anode, a cathode, and a non-aqueous liquid electrolyte
(Figure 1-4).” During charging, Li ions are deintercalated from the cathode, pass through the

electrolyte, and are intercalated into the anode; the reverse process happens during discharge.

e- P e
+ { Dis?arge \\_I/ Charge \

Discharge

Electrolyte
Cathode Anode

Figure 1-4. Schematic representation of a conventional LIB showing the device components.

Reprinted with permission from Reference 97. Copyright 2009 Wiley.

The total cell capacity (mAhg ") of a battery depends on the theoretical specific capacities of
the anode (Cp) and cathode (Cc¢), and the specific mass of other cell components (1/Qum), as

shown in eq 1-1:”

Total Cell Capacity =

1 (1_1)

In commercial LIBs, the anode and cathode materials are made of graphite and lithium metal

oxides (lithium cobalt oxide and lithium manganese oxide) or lithium iron phosphate; they

exhibit theoretical specific capacities of ~372 mAhg ' and ~200 mAhg ', respectively.’’-'?%1%!

9



To improve LIBs and extend their scope of application to stationary energy storage and electric
vehicles, electrodes with higher specific capacities are being investigated aggressively; air- and
sulfur-based cathodes as well as alloy-based anodes are of particular interest.'”"'® Among alloy-
type anodes, silicon-based materials are among the most promising due to their high theoretical
specific capacity, which can be as much as 10 times higher than that of existing commercial

105

graphite anodes (vide infra).”~ Alloying silicon with lithium leads to the formation of Li;,Siy,

Li14Sis, Li;3Sis, and LisSis,'® and the theoretical specific capacity of the fully lithiated alloy

(i.e., LinSis or Lis4Si) is 4200 mAhg".”'®” Adding to the appeal of silicon is its abundance,

non-toxicity, and its low discharge potential (0.4 V against Li/Li").”*""!

The practical application of Si anodes is hindered by the low diffusion rate of lithium in Si

(diffusion coefficient between 10~"* and 10" cm?s™),'"” low electrical conductivity of Si (~10~°

Sem™"),'% and large volume changes during the lithiation and delithiation cycling (>300%).”*'"!

In addition, these large volume changes result in pulverization of the Si anode, and a complex
unstable solid electrolyte interphase (SEI) forms, resulting in a loss of electrical contact, rapid
capacity fading, and poor cyclability.”*'*" One approach to address these issues is to employ
nanoscale Si. Moving from bulk to nanoscale Si provides a high surface to volume ratio, leading
to shorter lithium diffusion lengths within the electrode and the possibility of increased charging
and discharging rates.'”” Si-based nanomaterials also limit the material pulverization resulting
from lithiation and delithiation cycling by minimizing the stress/strain arising from volume

changes, and they improve the cycling performance of Si anodes.'” In this regard, Si

111,112 113,114

. . . 11 .
nanostructures of varied morphologies (e.g., nanoparticles,''® nanowires, nanotubes,

5 116,117

hollow nanospheres,'”> and nanoporous Si ) have been investigated; in all cases,
improvements in the initial capacity and volume changes of the Si anodes were observed.

10



Another effective approach that could solve the issues facing Si electrodes related to the low
electrical conductivity of Si is to incorporate nanoscale Si into conductive carbon matrices;''*'*

this will be discussed in detail in Chapter 3.

1.4 Aerogels

Aerogels are nanoporous materials with pore sizes in the range of 1-100 nm, exhibiting high
porosity, low density, and high specific surface area.'**'*> According to the International Union
of Pure and Applied Chemistry (IUPAC), nanoporous materials are classified into three
categories based on their pore size: microporous (d < 2 nm), mesoporous (2 nm < d < 50 nm),
and macroporous (d > 50 nm).'*® The term acrogel was introduced by Kistler in 1931 to describe
gels in which the liquid was replaced by air without collapsing the gel solid network.'>” After
Kistler, many efforts have been expended to develop and exploit aerogels based on metal oxides
(e.g., silica, alumina, and titania) or, recently, carbon materials (e.g., graphene, carbon
nanotube).'**'*’ In this Section, the synthesis, properties, and some applications of silica and

graphene aerogels will be discussed.

1.4.1 Silica Aerogels

Silica aerogels are the first and most widely investigated aerogels. They exhibit intriguing
properties such as high specific surface area (500—1200 m?*/g), low density (~0.1 g/cm’), low
thermal conductivity (<0.02 W/mK), and optical transparency."’*'*! Some applications that
benefit directly from these characteristics include catalysts, thermal insulators, and sensors. %133
There are a number of methods to synthesize silica aerogels; all include sol—gel processing of
silicon-containing precursors, followed by the application of various drying techniques (e.g.,

supercritical drying) (Figure 1_5)_130,134

11
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Figure 1-5. Schematic representation of silica aerogel synthesis; sol—-gel processing followed by

CO; supercritical drying. Reprinted from Reference 134, with permission from Elsevier.

Sol-gel processing involves the hydrolysis and condensation of silicon-containing
precursors in the presence of acid (e.g., hydrochloric acid) or base (e.g., ammonium hydroxide)
catalyst (Scheme 1-2)."*>'*¢ Silicon alkoxides (e.g., tetramethyl orthosilicate (TMOS), tetracthyl

[ Jo .. 130.134 - [
orthosilicate (TEOS)) are the most common silicon-containing precursors. ~ >~ Since silicon

12



alkoxides are immiscible with water, additional solvent (e.g., methanol, ethanol) is required to

homogenize the mixture.
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Scheme 1-2. General mechanisms of hydrolysis and condensation of silicon alkoxide precursors

in the presence of a) acid and b) base catalysts. Reproduced (Adapted) from Reference 136 with

permission of The Royal Society of Chemistry.

The hydrolysis and condensation of silicon alkoxide precursors creates siloxane bridges (Si—

O-Si) between Si atoms and leads to the formation of chain-like or branched structures
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depending on the catalyst type. For acid-catalyzed sol—gel processing, the electron density of the
Si atom should be high to stabilize the positive charge of the transition state (Scheme 1-2a); this
leads to a chain-like and microporous structure.**"*” However, for base-catalyzed sol-gel
processing, a negatively charged transition state should be stabilized (Scheme 1-2a), leading to a
branched structure with decreased microporosity.**!*” The acid- or base-catalyzed sol—gel
processing results in a mixture that is initially in a liquid phase and, subsequently, forms a gel
known as alcogel. The precursor mixture is poured into a mold to form a gel, and the resulting

gel may undergo aging and solvent exchange processes before the drying step (Figure 1-5).

Drying a gel is a critical step to obtain an aerogel; it is governed by capillary pressure, which
depends on the surface tension at the liquid—vapor interface.”® As a result of capillary forces, a
gel dried under ambient conditions results in a material with a collapsed pore structure called a
xerogel (Figure 1-6a). To obtain an aerogel, one can avoid crossing the liquid—vapor phase
boundary by supercritical drying or freeze drying. Supercritical drying was introduced by Kistler
and involves increasing the temperature and pressure of the pore liquid above its critical point
and then removing it from a gel in the supercritical phase, where there is no liquid—vapor
interface, therefore, no capillary pressure (Figure 1-6b).'”’ There are different methods of
supercritical drying'° (e.g., high temperature, low temperature), and CO, supercritical drying is
the most practical one due to the low temperature (<40 °C) and moderate pressure (<80 bar)
required for drying a gel."”” Freeze drying is another approach to avoid liquid—vapor surface
tension, which involves freezing the pore liquid, followed by sublimation under vacuum (Figure
1-6¢); a material produced by this method is called a cryogel.'*® It has been shown that freeze-
dried gels lead to more macroporous aerogels compared to those obtained via supercritical

drying.'"!
14
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Figure 1-6. Schematic procedure of drying a gel by a) evaporation, b) supercritical drying, and

¢) freeze drying.

One of the most interesting properties of silica aerogels is their very low thermal
conductivity (<0.02 W/mK), even lower than that of air (0.025 W/mK)."**'* Silica aerogels are
composed of an insulating (i.e., electrical, thermal) silica matrix (~1-10%) and air (~90-99%).
Gases are able to transport thermal energy, but the nanoporosity of aerogels prevents gas
movement, leading to their very low thermal conductivity; as a result, silica aerogels are among
the best thermal insulating materials.'*>'** Another interesting feature of silica aerogels is their
optical transparency, which is an unusual property for a porous material.**'*> Aerogels are
nanoporous materials, and the pore structure in silica aerogels is small compared to the
wavelength of light; this leads to less light scattering and optical transparency in the visible
region. Due to their very high thermal insulation properties and optical transparency, silica

aerogels could be excellent optical media for SiNCs; this is the focus of Chapter 2.
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1.4.2 Graphene Aerogels

Graphene aerogels are carbon-based aerogels, exhibiting interesting properties, such as high
specific surface area (~500 m%/g), low density (~0.1 g/cm’), high electrical conductivity (~100
S/m), and good mechanical strength.'*'*" Because of their unique physical, electrical, and
mechanical properties, graphene aerogels have demonstrated prototype applications as active

materials in batteries, supercapacitors, fuel cells, oil sorbents, and ca‘[alysts.l“g'155

Since the first report on graphene aerogel in 2009,'°® many methods have been developed to

157,158

synthesize this class of aerogels, including chemical reduction, electrochemical

161,162 163,164

reduction,159’160 hydrothermal reduction, template-directed reduction, and a variety of
cross-linking approaches.'® " All involve the gelation of a graphene oxide (GO) precursor
through the physical or chemical cross-links, followed by different drying methods. GO is a
hydrophilic carbon material prepared by the oxidation of graphite using strong oxidizing agents
and following the well-established Hummers’ method.'®® Although the exact structure of GO is
difficult to determine, it is clear that in GO the contiguous aromatic structure of graphene is

interrupted by epoxides, alcohols, ketone carbonyls, and carboxylic groups.'®*!"

Chemical reduction is a common and straightforward approach to synthesize graphene
aerogels. A reducing agent (e.g., vitamin C, sodium ascorbate) is added to an aqueous suspension
of GO, and the mixture is heated at a moderate temperature (<100 °C) for a certain period of
time."”""*!"! After the chemical reduction of GO, hydrogels form as a result of hydrophobic
interactions and m—m stacking between the reduced GO sheets (physical cross-links). Next, they
are dried (i.e., supercritical drying or freeze drying) to obtain a graphene aerogel. Graphene

aerogels are conductive mesoporous carbon materials and could be an excellent host for SiNCs

16



for LIB application since they can improve their electrical conductivity and accommodate their

volume changes during the lithiation and delithiation cycling; this will be discussed in Chapter 3.

1.5 Patterned Transfer

Transfer of nanomaterials (NMs) from one substrate to another is important for large-scale
integration of nanoscale materials into functional devices, and Figure 1-7 demonstrates the
unique material constructs and devices fabricated by advanced forms of transfer printing

. 172
techniques.'’*

Figure 1-7. Representative examples of unique material constructs and devices fabricated by
transfer printing techniques: a) Photograph of an epidermal electronic device, conformally
laminated onto the surface of the skin (Reprinted with permission from Reference 172a.
Copyright 2012 Wiley). b) Photograph of a flexible integrated circuit that uses printed networks
of single-wall carbon nanotubes for the semiconductor (Reproduced with permission from
Reference 172b. Copyright 2008 Nature Publishing Group). ¢) Photograph of a 4-inch, full-color
QD-LED display (Reproduced with permission from Reference 172c. Copyright 2011 Nature
Publishing Group). d) Image of a mechanically flexed array of ultrathin, microscale, blue LEDs
printed onto a thin strip of plastic (Reproduced with permission from Reference 172d. Copyright

2011 National Academy of Sciences).
17



L. . 173-1
Despite impressive advances,' "%

there is no single approach that allows NM transfer on
all substrates, and every method brings with it process-specific challenges/limitations. Transfer
printing, PMMA-mediated transfer, and lift-off by etching are some examples of transfer
techniques (Figure 1-8).'72-17%180.181

1728,173-175 {5 the most common transfer method and utilizes a structured

Transfer printing
elastomeric poly(dimethylsiloxane) (PDMS) stamp to achieve NM patterning (Figure 1-8a);
while effective, it can be complicated by the necessity to control the adhesion forces at the many

176-1
d'7¢17® transfer

interfaces involved (i.e., ink/donor, stamp/ink, and ink/receiver). PMMA-mediate
uses a thin poly(methyl methacrylate) (PMMA) film to transfer NM patterns (Figure 1-8b);
unfortunately, high temperatures are required when peeling the PMMA film from the source
substrate (e.g., 80 °C) and removing the PMMA residues from the target substrate (e.g., 300 °C).
Lift-off by etching'®*'®" employs reactive chemicals (e.g., NaOH, HCI) to etch the source
substrate partially and release the patterned NM film, which requires NM tolerance to the

chemical etchant (Figure 1-8¢). Hence, developing a general and robust NM transfer method is

an active area of research.
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Figure 1-8. Schematic illustration of a) three distinct transfer printing techniques (i.e., additive

NaOH/H,0, 95°C

transfer, subtractive transfer, and deterministic assembly) (Reprinted with permission from
Reference 172a. Copyright 2012 Wiley), b) PMMA-mediated transfer (Reprinted (adapted) with
permission from Reference 176. Copyright 2008 American Chemical Society), and c¢) lift-off by
etching (Reprinted (adapted) with permission from Reference 180. Copyright 2008 American

Chemical Society).

Water transfer printing is an industrial method introduced in 1980 and developed to transfer
decorative patterns printed on a polymer film to the surfaces of various shapes and compositions
using water pressure.'®’” To transfer decorative patterns onto three-dimensional (3D) objects, an
inexpensive water-soluble or water-swelling film (e.g., starch, poly(vinyl alcohol) (PVA)) with a
printed pattern on top, which has been activated by spraying a solvent mixture (e.g., aliphatic
hydrocarbons, aromatic hydrocarbons, monohydric alcohols, ketones, etc.), is made to float on
the water surface with the patterned side facing up. Then the 3D object is pressed onto the

19



pattern, after partial dissolution of the polymer film, to transfer the pattern onto the object
(Figure 1-921).187’188 This method is straightforward, fast, and cost-effective; it has been
employed extensively in the automobile, household, and toy industry (Figure 1-9b). A NM
transfer method based on water transfer printing could facilitate large-scale transfer of NMs onto
various substrates; this will be discussed in Chapter 4. This method does not require a delicate
control over the adhesion forces to lift off nanomaterials from the source substrate or high
temperatures for removing the polymer residues from the target substrate, and the whole process

is carried out in water at low temperatures.

a)
Solvent mixture ' ﬂ

Ink layer

Water (28-32°C) ]

PVA layer

Figure 1-9. a) Schematic illustration of water transfer printing process, and b) examples of
applications in the automobile, household, and toy industry. Reprinted with permission from

References 188 and 189.

1.6 Thesis Outline

As discussed in this Chapter, silicon nanocrystals are promising nanomaterials for potential
optical (e.g., LEDs, sensors) as well as energy (e.g., LIBs) applications. The present thesis
focuses on the approaches to transfer SINCs from solutions to a solid host/substrate to facilitate

their practical applications.
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One approach to transfer SiINCs from solutions to a solid phase is their incorporation into an
aerogel host; this will be discussed in Chapters 2 and 3. The synthesis of luminescent SiNC/silica
aerogels of varied transparency is presented in Chapter 2. These hybrid materials are prepared by
incorporating hydrophilic SINCs (d ~ 3 or 8 nm) into silica aerogels by exploiting base-catalyzed
sol—gel processing and CO, supercritical drying. The role of NC size and surface chemistry on
the optical properties of the resultant hybrid materials is studied.

Incorporating SiNCs into a conductive mesoporous graphene aerogel could improve their
electrical conductivity and accommodate their volume changes during the charging and
discharging processes, opening the door to high-performance LIBs. Hence, Chapter 3 focuses on
the synthesis and electrochemical characterization of SiNC/graphene aerogel hybrids.
Hydrophilic SiNCs of various sizes (d ~ 3, 5, 8, and 15 nm) were synthesized and incorporated
into graphene aerogels; the effect of their size and surface chemistry on the electrochemical
performance of the hybrid aerogels is investigated.

Patterned transfer is another approach to transfer and position nanomaterials in areas of
interest on a solid substrate. A transfer method based on the principles of water transfer printing
is developed to transfer hydrophobic nanomaterials from solutions to planar and non-planar
substrates and will be discussed in Chapter 4. A summary of main findings of Chapters 2—4 and

relevant future directions will be presented in Chapter 5.
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Chapter 2:

Synthesis and Properties of
Luminescent Silicon Nanocrystal/Silica

Aerogel Hybrid Materials
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2.1 Introduction

Aerogels are intriguing materials that possess high specific surface area and porosity, low

density, and exhibit unique thermal, optical, as well as chemical properties.'* Some aerogel

3-5

applications that benefit directly from these characteristics include sensors,’” catalysts,®”

10-12 13,14

thermal insulators, and energy storage electrodes. To date, much effort has been

expended to develop and exploit aerogels based upon metal oxides (e.g., silica (Si0O;), alumina,
and titania)."” Silica aerogels have attracted substantial interest because of the relative ease with
which they may be fabricated; they are prepared readily by exploiting the well-established
principles of silicon sol-gel chemistry (i.e., the hydrolysis and condensation of silicon alkoxide
precursors) and various drying procedures (e.g., supercritical drying, freeze drying). Aerogels
prepared in this way are transparent and possess specific surface areas approaching 500—1200
m?/g, porosities of 80-99.8%, and low densities (0.003-0.35 g/cm’).'®'” Reaching beyond basic
systems, hybrids made up of a host aerogel and nanoscale guest hold promise of combining the
unique physical, chemical, and optical properties of both components to yield composite

characteristics that could expand the scope of the applications of aerogel systems.'®"

Silicon nanocrystals (SiNCs) are non-toxic quantum dots whose optical response may be

20-23

tuned through variations of NC size and surface chemistry. Because of their exquisitely

tunable electronic, optical, and chemical properties, SiNCs have demonstrated prototype

I . P 24,25 2627 s . 2829 . 22,30
applications as active materials in sensors,” ™ batteries,” ' bioimaging,”~ drug delivery,”

31,32 33-35

optoelectronic  structures, and photovoltaics. Surprisingly, despite their chemical
compatibility with silica and associated aerogels, only a small number of reports aim to combine
the properties of these two important classes of materials.**>® Early SiNC-SiO, aerogel

composites were prepared by either sol-gel processing of a mixture containing nanoscale Si and
41



6 . J J
3637 or by pressing powders of porous silicon and silica aerogels.*®

silicon alkoxide precursors
The SiNC-Si0; aerogel hybrids prepared using sol-gel processing were limited to comparatively
large SiNCs (d > 10 nm)*® or ill-defined porous silicon grains.’” Silicon nanoparticles of these
dimensions do not exhibit tunable photoluminescence (PL); quantum confinement only impacts
the properties of much smaller (d < 5 nm) nano-silicon particles.20 In addition, the SiNC
properties (e.g., size and surface chemistry) and nanocomposite aerogel characteristics (e.g.,
optical transparency and physical properties) were not explored. Furthermore, there are no
reports of transparent luminescent SiNC-loaded SiO, aerogels with high loading of SiNCs,
which opens the door to potential applications ranging from sensors to optoelectronics. In this
Chapter, a detailed investigation aimed at interfacing the complementary properties of
luminescent SiNCs with transparent high surface area silica aerogels is described. We have

investigated the role of NC size and surface chemistry on the properties of the resultant

nanocomposites, methodically.

2.2 Experimental

2.2.1 Reagents and Materials

Commercial hydrogen silsesquioxane (HSQ, trade name Fox-17) was obtained as a solution in
methyl isobutyl ketone from Dow Corning Corporation; the solvent was removed under vacuum,
and the resulting white solid was used without further purification. Electronics grade
hydrofluoric acid (HF, 49% aqueous solution) was purchased from J. T. Baker. Tetramethyl
orthosilicate (TMOS) (98%), 1-dodecene (95%), azobisisobutyronitrile (AIBN) (98%), methanol
(reagent grade), toluene (reagent grade), and chloroform (reagent grade) were obtained from
Sigma-Aldrich. 4-pentenoic acid (98%, Alfa Aesar), allyloxy (polyethylene oxide) methyl ether

My ~ 450455, Gelest Inc.), anhydrous diethyl ether (reagent grade, Fisher Scientific),
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ammonium hydroxide (28-30%, Caledon Laboratory Chemicals), nitrobenzene (99%, Alfa
Aesar), and low viscosity embedding media Spurr's kit (Electron Microscopy Sciences) were

used as received unless otherwise specified.

2.2.2 Synthesis, Liberation, and Functionalization of SiNCs

Preparation of oxide-embedded SiNCs: Oxide-embedded SiNCs were synthesized using well-
established procedures developed in the Veinot laboratory.>”*® An appropriate amount of HSQ
(i.e., 5 g) was transferred to a quartz boat, placed in a Lindberg Blue tube furnace, and thermally
processed at 1100 °C for 1 h in 5% H,/95% Ar. This procedure yielded an amber solid that
consisted of SINCs (d ~ 3 nm) encapsulated in a SiO,-like matrix. This solid was ground using
an agate mortar and pestle. To achieve larger SiNCs (d ~ 8 nm), the manually ground amber
solid containing 3 nm SiNCs was placed in a high-temperature furnace (Sentro Tech Corp.) for
further thermal processing at 1300 °C for 1 h in argon. The resulting 8 nm SiNC/Si0, composite
was ground following the procedures described above and stored in standard glass vials until

needed.

Preparation of hydride-terminated SiNCs (H-SiNCs): Hydride-terminated SiNCs (d ~ 3 or 8
nm) were freed from the oxide matrix via HF etching.39’40 Briefly, 0.5 g of the ground SiNC/Si0,
composite was etched using 18 mL of a solution containing 100% ethanol: deionized (DI) water:
49% HF in a ratio of 1: 1: 1 (v: v: v). (Caution! HF must be handled with extreme care.) The
mixture was stirred for 1 h under ambient conditions, and the resulting H-SiNCs (ca. 50 mg)
were collected by multiple extractions with toluene (i.e., 3x10 mL) and centrifugation at 3000

rpm for 10 minutes.
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Synthesis of pentanoic acid functionalized SiNCs (3COOH, 8COOH): Pentanoic acid
functionalized SiNCs were prepared using a radical induced hydrosilylation.® H-SiNCs (d ~ 3 or
8 nm), obtained from etching 0.5 g SINC/SiO, composite, were dispersed in dry toluene (15 mL)
in a Schlenk flask equipped with a magnetic stir bar. 4-pentenoic acid (7 mL) and AIBN (75 mg)
were added to the flask and the mixture was subjected to three freeze/pump/thaw cycles using an
Ar charged Schlenk line. After stirring at 65 °C for 15 h, the resulting particles were isolated by
centrifugation (12000 rpm, 25 min) and purified by three successive cycles of
dispersion/precipitation using methanol/toluene as the solvent/antisolvent mixture. Acid
functionalized SiNCs (3COOH and 8COOH) were dispersible in common polar solvents (e.g.,

methanol).

Synthesis of polyethylene glycol functionalized SiNCs (3PEG, 8PEG): Radical induced
hydrosilylation was used to prepare polyethylene glycol functionalized SiNCs. Allyloxy
(polyethylene oxide) methyl ether (M, ~ 450—455) (1 mL) was transferred to a Schlenk flask
equipped with a magnetic stir bar, degassed in vacuum (12 mTorr) at 75 °C for about 1 h, and
mixed with a dispersion of H-SiNCs (d ~ 3 or 8 nm, obtained from 0.5 g composite) in dry
toluene (10 mL) containing AIBN (50 mg). After performing three freeze/pump/thaw cycles, the
mixture was stirred for 15 h at 75 °C in argon. PEG functionalized SiNCs were recovered
following centrifugation (12000 rpm, 25 min) and purified by three dispersion/precipitation
cycles using toluene/diethyl ether as the solvent/antisolvent system. 3PEG samples were soluble
in hydrophilic (i.e., methanol) and hydrophobic (i.e., toluene) solvents. Cloudy suspensions were

obtained for 8PEG samples.
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Synthesis of dodecyl functionalized SiNCs (3C12, 8C12): Dodecyl functionalized SiNCs were
synthesized using thermally initiated hydrosilylation.***' After etching of SiNC/SiO, composite
(0.5 g), H-SiNCs were collected by centrifugation (3000 rpm, 10 min) and redispersed in 1-
dodecene (15 mL) in a Schlenk flask equipped with a magnetic stir bar. The flask was evacuated
and backfilled with argon three times prior to stirring the mixture for 15 h at 190 °C in an argon
atmosphere. On completion of the reaction, the starting cloudy brown suspension of H-SiNCs (d
~ 3 or 8 nm) became transparent. Functionalized SiNCs were separated by centrifugation (12000
rpm, 25 min) and purified following standard procedures using toluene/methanol as the
solvent/antisolvent mixture. Dodecyl functionalized SiNCs (3C12 and 8C12) were soluble in

common non-polar solvents (e.g., toluene).

Preparation of polymer-coated dodecyl functionalized SiNCs (3C12/P, 8C12/P): To render
dodecyl functionalized SiNCs hydrophilic, they were coated with an amphiphilic polymer. The
amphiphilic polymer possessing a hydrophilic poly (maleic anhydride) backbone and
hydrophobic dodecylamine side chains was synthesized following procedures reported by Parak
et al.** Polymer coated SINCs were prepared by combining dodecyl functionalized SiNCs (3C12
or 8C12) (5 mg) and the amphiphilic polymer in a 1: 1 (w: w) ratio in a capped single neck flask
containing anhydrous chloroform (5 mL). The solution was stirred for 30 min under ambient
conditions, followed by evaporation of the solvent using a rotary evaporator to obtain a SiNC-
containing polymer film. Aqueous sodium borate buffer (50 mM borate, 5 mL, pH 12) was
added to the flask, and the mixture was stirred for 15 min. Next, DI water (10 mL) was added to
the mixture to dilute the NCs, and the mixture was transferred to the ultracentrifugation filter

(Amicon Ultra, regenerated cellulose membrane, 50 kDa molecular weight cut-off) and
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centrifuged at 5000 rpm for 10 min. The dilution and centrifugation steps were repeated two
more times using DI water. The resulting polymer coated dodecyl functionalized SiNCs (3C12/P
and 8C12/P) were dispersible in common polar solvents (e.g., methanol).

2.2.3 Synthesis of NC-Free and SiNC-Containing Silica Aerogels

Preparation of NC-free silica aerogel: NC-free silica aerogels were prepared via base-
catalyzed sol-gel processing using a minor variant of a literature procedure.*** Appropriate
amounts of TMOS, methanol, and DI water with volume ratios 2.6: 5.9: 1, respectively, were
mixed and sonicated for 1 min, after which a catalytic amount of ammonium hydroxide (3.4 pL)
was added to the as-prepared solution (9.5 mL). This silica sol (600 puL) was transferred to
plastic syringes (12x60 mm), covered with Parafilm, and aged for 24 h. The resulting alcogel
was placed in a capped glass vial, and the solvent was exchanged with anhydrous ethanol (every
4 h over a 24-hour period) to remove the ammonium hydroxide catalyst. Subsequently, the
ethanol was exchanged with acetone, refreshing the acetone bath every 6 h over the period of 3
days. The acetone-exchanged gel was placed in a home-built CO, supercritical dryer (See
Appendix A for a detailed instruction as well as photos of this equipment), and the acetone was
exchanged with liquid CO; over a time period of at least 12 h prior to the final drying procedure.
Finally, the temperature and pressure of the dryer assembly were raised to 40 °C and 8.3 MPa
(above the critical point of liquid CO,; T, = 31 °C and P, = 7.4 MPa), and the liquid CO,-

exchanged gel was dried for 1 h to yield a transparent silica aerogel monolith.

Preparation of SiNC-containing silica aerogels: SINC-loaded silica aerogels were prepared by
incorporating functionalized SiNCs into the silica sol, followed by CO, supercritical drying.

Briefly, an appropriate amount of silica sol (solution containing TMOS, methanol, DI water, and

46



ammonium hydroxide) was added into a glass vial containing functionalized SiNCs (3COOH,
8COOH, 3PEG, 8PEG, 3Cl12/P, or 8CI2/P) and sonicated to produce a uniform
solution/dispersion of SiNCs in silica sol (5 mg/mL). The resulting solution/dispersion (600 pL)
was transferred to the cylindrical molds and treated as described for NC-free silica aerogel (vide
supra). Silica aerogel containing 3PEG was transparent, while all other aerogels were opaque.
2.2.4 Photoluminescence Quenching of SiNC-Containing Silica Aerogel

The chemical accessibility of SiNCs within silica aerogel was studied by photoluminescence
(PL) quenching using nitrobenzene. Briefly, an appropriate amount of nitrobenzene (300 pL)
was added stepwise to a watch glass containing luminescent 3PEG-loaded silica aerogel. PL of
areas of 3PEG-containing silica aerogel exposed to nitrobenzene was quenched immediately,
while unexposed areas remained luminescent.

2.2.5 Material Characterization

Fourier Transform Infrared (FTIR) spectra of functionalized SiNCs were acquired using a
Nicolet Magna 750 IR spectrometer. X-ray photoelectron spectroscopy (XPS) analyses were
performed using a Kratos Axis Ultra instrument operating in energy spectrum mode at 210 W.
Samples were prepared by depositing a solution of functionalized SiNCs onto a copper foil
substrate and drying in air to yield thin films. The base and operating chamber pressure were
maintained at 10”7 Pa. A monochromatic Al Ka source (A = 8.34 A) was used to irradiate the
samples, and the spectra were obtained with an electron take-off angle of 90°. To minimize
sample charging, the charge neutralizer filament was used when required. Survey spectra were
collected using an elliptical spot with major and minor axis lengths of 2 and 1 mm, respectively,
and 160 eV pass energy with a step of 0.33 eV. CasaXPS software (VAMAS) was used to

interpret high-resolution spectra. All spectra were internally calibrated to the C 1s emission
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(284.8 eV). After calibration, a Shirley-type background was applied to remove most of the
extrinsic loss of structure. The high-resolution Si 2p region was fitted to Si 2ps, and Si 2p;p
components, with spin-orbit splitting fixed at 0.6 eV, and the Si 2p3,, / Si 2p,,; intensity ratio set

to 2/1.

Transmission electron microscopy (TEM) images were acquired using a JOEL 2010 TEM
with LaBg filament at an accelerating voltage of 200 kV. TEM samples of SiNCs were prepared
by depositing a droplet of dilute solutions of functionalized SiNCs onto a holey carbon coated
copper grid. The NC size was averaged for 200 particles using Image J software (version 1.45).
To prepare aerogel samples for TEM analysis, aerogel monoliths were broken into small pieces
and dehydrated with anhydrous acetone for 1 h. Aerogel pieces were sequentially impregnated
with commercial Spurr's mixture in anhydrous acetone with concentrations 25% (24 h), 50% (24
h), 75% (24 h), and 100% (48 h). 100% Spurr's mixture containing aerogel pieces was
polymerized at 65 °C for 24 h, sliced into 70 nm thin films using a Leica EM UC6
ultramicrotome, and mounted on a holey carbon coated copper grid. High-resolution (HR) TEM
images were obtained from a Hitachi-9500 electron microscope with an accelerating voltage of
300 kV. The HRTEM images were processed using Gatan Digital Micrograph software (Version
2.02.800.0). Dynamic light scattering (DLS) was performed using a Malvern Zetasizer Nano S
series equipped with a 633 nm laser. Diluted solutions of dodecyl and PEG functionalized SiNCs
were filtered using 0.45 um PTFE syringe filters, then all diluted samples were equilibrated to 25

°C prior to data acquisition and scanned three times.

Photoluminescence (PL) spectra were recorded by exciting SiNC solutions/dispersions or

SiNC-containing aerogel monoliths with a 405 nm LED light source equipped with a 500 nm
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long pass interference filter. The emitted photons were collected using an optic fiber connected
to an Ocean Optics USB2000 spectrometer that was normalized by a black body radiator.
Hydrophilic solutions/dispersions of 3COOH, 8 COOH, 3PEG, and 8PEG in methanol, as well as

hydrophobic solutions of 3C12 and 8C12 in toluene, were used for PL measurements.

Nitrogen adsorption-desorption isotherms were measured at 77 K using a Quantachrome
ASiQwin surface area and porosimetry analyzer available at the University of Alberta NanoFab
facility. Fine aerogel powders were degassed under vacuum at 150 °C for 24 h prior to the
analysis. The isotherm data were fitted using Brunauer—-Emmett-Teller (BET) theory to
determine the specific surface area. The average pore sizes and total pore volumes were
calculated by applying the Barrett—Joyner—Halenda (BJH) model to desorption branches of the
isotherms. Bulk densities of aerogels were determined by measuring the weight and volume of
aerogel monoliths. The weight of aerogels was measured with a Sartorius analytical balance, and
aerogel dimensions were measured with a digital caliper.

2.3 Results and Discussion

Oxide-embedded and hydride-terminated SiNCs (d ~ 3 and 8 nm) (H-SiNCs) were synthesized
following well-established procedures developed in the Veinot laboratory.*”* Briefly, a
SiNC/SiO, composite obtained from thermal processing of hydrogen silsesquioxane (HSQ) was
etched using hydrofluoric acid solution to remove the oxide and liberate SiNCs. Hydride-
terminated SiNCs are susceptible to oxidation, and their surfaces must be passivated to prevent
undesirable reactions and afford stable properties. To date, the most common approach to modify
H-SiNC surfaces involves introducing long chain alkyl/alkenyl groups via various

hydrosilylation strategies; this process renders the SiNCs hydrophobic and compatible with
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. 404 o . o
common organic solvents.*** Silicon alkoxide precursors, such as tetramethyl orthosilicate

(TMOS) used in silica aerogel synthesis, are soluble in polar solvents.*>**

If transparent SiNC-
containing silica aerogels appropriate for optical applications are to be realized, hydrophilic

SiNCs compatible with the aerogel synthetic method are needed.

In the present study, a series of methods were used to render SiNCs hydrophilic, and the
resulting NCs were used in the preparation of SINC-SiO; aerogel hybrids. General approaches to
prepare hydrophilic SiNCs used here include direct surface functionalization of H-SiNCs with
polar hydrophilic groups (i.e., 4-pentenoic acid and allyloxy (polyethylene oxide) methyl ether)
or post-functionalization modification of hydrophobic SiNCs (i.e., dodecyl functionalized
SiNCs) with an amphiphilic polymer. The 3 and 8 nm diameter pentanoic acid (i.e., 3COOH,
8COOH) and polyethylene glycol (i.e., 3PEG, 8PEG) functionalized SiNCs were synthesized via
a radical induced hydrosilylation (Scheme 2-1).*® Dodecyl terminated SiNCs with diameters of 3
and 8 nm (i.e., 3C12, 8C12) were prepared using thermally initiated hydrosilylation (Scheme 2-
1).*” To render dodecyl functionalized SiNCs hydrophilic, these NCs were coated with an
amphiphilic polymer bearing a hydrophilic poly(maleic anhydride) backbone grafted with
hydrophobic dodecylamine side chains (Scheme 2-2).*'** A solution of 3PEG in methanol (5
mg/ml) was transparent, and cloudy suspensions were obtained for 8PEG and other modified

SiNCs.
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Scheme 2-1. Synthesis of dodecyl, pentanoic acid, and polyethylene glycol functionalized SiNCs

with diameters 3 and 8 nm.

Scheme 2-2. Coating of dodecyl functionalized SiNCs with the amphiphilic polymer.

NC surface chemistry and size are the key to the properties of the present aerogels. Fourier
Transform Infrared spectroscopy provides insight into the nature of SiNC surface

functionalization. Representative FTIR spectra of the functionalized SiNCs investigated here
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show expected features corresponding to the target functional groups (Figure 2-1). The H-SiNCs
exhibit an absorption at ~2100 cm™ in FTIR that is routinely attributed to Si—H, (x = 1-3)

stretching,***°

Following hydrosilylation with 1-dodecene, the Si—H absorption is replaced by
intense absorptions at 2850-3000 and 1365-1475 cm™ attributed to C—H stretching and bending,
respectively (Figure 2-1, 3C12 and 8C12).*** Representative FTIR spectra of pentanoic acid
functionalized SiNCs possess a sharp absorption at 1700—1725 cm™ related to C=O stretching, as
well as a broad feature associated with O—H stretching centered at ~3300 cm™ (Figure 2-1,
3COOH and 8COOH).*® Symmetric and asymmetric stretching of C—O—C moieties are evident
in the spectra of PEG functionalized SiNCs at 1100 and 1300 cm™, respectively (Figure 2-1,
3PEG and 8PEG). Features associated with —CH,— also appear at 2869 and 2960 cm™. The FTIR
spectra of polymer coated dodecyl functionalized SiNPs show spectral features corresponding to
C—H stretching (28503000 cm™), C—H bending (1365-1475 cm™"), N—H stretching (centered at
~3300 cm™), N—H bending (centered at ~1575 cm™), and C=0O stretching (centered at ~1705
cm™) (Figure 2-2, 3C12/P and 8C12/P). Broad silicon oxide related features are at ~1000—1130

cm™, as well as weak absorptions at ~2100 cm™ (residual Si—Hy) are noted in the spectra of all

functionalized SiNCs.
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Figure 2-1. The FTIR spectra of SiNCs with diameters a) 3 nm and b) 8 nm functionalized with

indicated surface groups (C12: dodecyl, COOH: pentanoic acid, and PEG: polyethylene glycol).

F i ezf ?
e 6 czo @&
> > > K 0 >

a1 . o) o 1 . DR . | Sl .

I
z

3

8

Q

Q 8c12/p

8

2 [\

g

[

3c12/p

1 1 1 1 1 1 1 1 1

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Wavenumbers (cm™)

Figure 2-2. The FTIR spectra of polymer-coated dodecyl functionalized SiNCs with diameters 3

and & nm.

53



Survey X-ray photoelectron spectroscopy (XPS) confirms that the functionalized SiNCs
contain Si, C, and trace quantities of O at the sensitivity of the techniques. High-resolution XP
spectra of the Si 2p region show an intense emission at 99.34 eV characteristic of the Si core
(i.e., Si(0)) (Figure 2-3). Higher binding energy features in this region are attributed to Si sub-
oxides and surface functionalized Si atoms. We note that the features associated with silicon sub-
oxides are more intense for SiNCs bearing hydrophilic surface groups, such as pentanoic acid
and polyethylene glycol; this is attributed to a higher degree of surface oxidation resulting from
the greater accessibility of water to the surface that is facilitated by the surface functionalities.

This is also evident in FTIR spectra of the functionalized SiNCs (vide supra).
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Figure 2-3. High-resolution XP spectra of the Si 2p region of SiNCs with diameters a) 3 nm and
b) 8 nm functionalized with indicated surface groups (C12: dodecyl, COOH: pentanoic acid, and
PEG: polyethylene glycol). Please note, only Si 2p;3, components are shown; Si 2p;p

components are omitted for clarity.
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Representative transmission electron microscopy (TEM) and High-resolution (HR) TEM
images of functionalized SiNCs are presented in Figure 2-4 and illustrate how surface chemistry
dramatically influences NC assembly; their size distributions are indicated in Figure 2-5.
Hydrophobic C12 functionalized SiNCs (d = 3.2+0.4 nm and d = 8.1+0.9 nm) as well as PEG
functionalized SiNCs (d = 3.240.4 nm and d = 7.5+1.0 nm) are separated well, consistent with
their ready dispersibility in their host solvents. In contrast, COOH functionalized SiNCs (d =
3.240.3 nm and d = 7.5£0.7 nm) appear as large assemblies, suggesting that particles interact
strongly, leading to assemblies in various media. As expected, HRTEM images of SiNCs
investigated here show lattice fringes spaced by 0.32 nm characteristic of a Si (111) lattice plane

(Figure 2-4, insets).*

Dynamic light scattering (DLS) measurements indicate that all functionalized SiNCs
investigated here exhibit solvated dimensions exceeding those measured using transmission
electron microscopy (Figure 2-6). Dodecyl functionalized SiNCs (3C12 and 8C12) show
solvated diameters of 6.4 and 10.1 nm, respectively, in toluene. Similarly, polyethylene glycol
functionalized SiNCs (3PEG and 8PEG) possess hydrodynamic diameters of 6.9 and 15.7 nm,
respectively, in toluene, while pentanoic acid functionalized SiNCs (3COOH and 8COOH) have
hydrodynamic diameters of 296.5 and 335.5 nm, respectively, in methanol, consistent with the
large assemblies of particles observed in TEM images of these NCs (vide supra). Figure 2-6 also
shows that introducing an amphiphilic polymer coating onto dodecyl functionalized SiNCs leads
to a notable increase in hydrodynamic diameters (i.e., 235.2 and 332.8 nm for 3C12/P and

8C12/P, respectively).
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Figure 2-4. Representative bright-field TEM images of SiNCs functionalized with indicated
surface groups (C12: dodecyl, COOH: pentanoic acid, and PEG: polyethylene glycol) and
diameters, 3C12: (d = 3.2+0.4 nm), 8C12: (d = 8.1£0.9 nm), 3COOH: (d = 3.2+0.3 nm),
8COOH: (d = 7.5+£0.7 nm), 3PEG: (d = 3.2+0.4 nm), and 8PEG: (d = 7.5£1.0 nm). The
corresponding HRTEM images showing characteristic Si (111) lattice spacing are presented as

insets.
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SiNCs bearing various surface modifications (i.e., polymer coated alkyl (C12/P),
polyethylene glycol (PEG), and carboxylic acid (COOH)) were introduced to a TMOS
containing basic solution. Following base-catalyzed cross-linking, alcogels were obtained that
were dried subsequently using a CO, supercritical dryer to yield aerogel monoliths. Visual
inspection of NC-containing systems reveals that surface chemistry and size appear to impact the
optical transparency of aerogel monoliths, dramatically; these observations presumably relate to
the uniformity of the dispersion of SiNCs throughout the aerogels (Figures 2-7a and 2-7b). The
3PEG-containing structure was similar to the NC-free aerogel, with the only obvious difference
of being slightly yellow. Reflecting the limited solubility of other functionalized NCs in the sol-
gel reaction media, opaque aerogels were obtained for 3 nm diameter SiNCs bearing other
surface modifications (i.e., 3COOH, 3C12/P) and all larger SiNCs investigated (i.e., 8PEG,
8COOH, 8C12/P). Figures 2-7c and 2-7d qualitatively illustrate the photoluminescent response
of the SiNC-silica alcogel and aerogel pairs upon exposure to UV light (i.e., 350 nm). In all
cases, SINC optical properties were preserved, indicating that the base catalyst required to
promote the sol-gel reaction did not compromise the NC integrity. It is reasonable to attribute the
blue appearance of the NC-free silica aerogel under UV lamp to Rayleigh scattering (Figure 2-

7d).'¢
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Figure 2-7. Photographs of NC-free and SiNC-containing silica alcogels/aerogels with indicated
sizes (d ~ 3 or 8 nm) and surface groups (PEG: polyethylene glycol, COOH: pentanoic acid, and

C12/P: polymer-coated dodecyl) under (a, b) ambient and (c, d) UV light. The scale bar is 1 cm.
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Figure 2-8 shows the PL spectra of functionalized SiNCs investigated here and their

corresponding SiNC-SiO, aerogel hybrids upon excitation at 405 nm; 3C12 exhibit PL centered

at 749 nm, while 3COOH and 3PEG show emissions centered at 683 and 665 nm, respectively.

Similar blue-shifts in PL maxima have been attributed previously to the influences of surface

oxidation (e.g., reduced particle size and/or surface emitting species) noted in the present FTIR

and XP spectra of 3COOH and 3PEG (vide supra).***’ Similarly, the PL arising from 8COOH

and 8PEG were blue-shifted compared to that of 8C12. In all cases, the optical response of the

SiNCs remained intact following their incorporation into aerogels; however, a small blue-shift

(ca. 70 nm) is noted for 8PEG functionalized SiNCs; the origin of this spectral shift is complex

and might be due to the aggregation of the functionalized SiNCs.
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Figure 2-8. The PL spectra of solutions/dispersions containing SiNCs with diameters a) 3 nm

and b) 8 nm functionalized with indicated surface groups (C12/P: polymer-coated dodecyl,

COOH: pentanoic acid, and PEG: polyethylene glycol), and their corresponding SiO, aerogel

monoliths upon excitation at 405 nm.
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Representative TEM images of NC-free and SiNC-containing silica aerogels are presented in
Figures 2-9 and 2-10, respectively. It is difficult to observe the distribution of SiNCs throughout
the silica aerogel network using bright-field transmission electron microscopy. However, the
HRTEM image of aerogel containing PEG functionalized SiNCs (d ~ 8 nm) indicates lattice

fringes spaced by 0.32 nm, characteristic of Si (111) lattice plane, and verifies that the

incorporation does not compromise the NC integrity.*°

Figure 2-9. Representative bright-field TEM images of NC-free and 8PEG-loaded silica
aerogels. The corresponding HRTEM image showing characteristic Si (111) lattice spacing is

presented as an inset.
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Si0,— 8COOH

> T

Figure 2-10. Representative bright-field TEM images of silica aerogels containing 3 and 8 nm
SiNCs functionalized with indicated surface groups (C12/P: polymer-coated dodecyl, COOH:

pentanoic acid, and PEG: polyethylene glycol).
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Nitrogen adsorption—desorption isotherms of aerogels with and without SiNCs are shown in
Figures 2-11 and 2-12, respectively. Each exhibited a Type-IV isotherm with distinct capillary
condensation and evaporation steps characteristic of mesoporous materials (¢ = 2—50 nm).*® The
absence of a plateau at high relative pressures in the isotherm of NC-free silica aerogels (Figure
2-11) suggests some degree of macroporosity (d > 50 nm).** Similarly, the isotherms of C12/P
containing aerogels indicate the presence of some larger pores, while distinct plateaus at high
relative pressures in the isotherms of COOH and PEG containing aerogels suggest a decrease in
the degree of macroporosity (Figure 2-12). The shapes of the hysteresis loops noted for all
aerogel systems indicate a Type-H1 profile, characterized by parallel and nearly vertical

branches, suggesting the presence of cylindrical pores with narrow pore size distribution.**
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Figure 2-11. Nitrogen adsorption—desorption isotherm of NC-free silica aerogel.
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Figure 2-12. Nitrogen adsorption—desorption isotherms of silica aerogels containing SiNCs with

diameters a) 3 nm and b) 8§ nm functionalized with indicated surface groups (C12/P: polymer-

coated dodecyl, COOH: pentanoic acid, and PEG: polyethylene glycol).
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The specific surface area (SSA) of the present aerogels was calculated using the Brunauer—
Emmett—Teller (BET) model (Table 2-1).* The BET specific surface area obtained for NC-free
silica aerogels is 947+25 m?/g, consistent with those reported for aerogels prepared using similar

#44 The incorporation of SiNCs into aerogels does not show a significant effect on

procedures.
SSA values of COOH and PEG containing aerogels, but lower SSA values are obtained for
aerogels containing C12/Ps, consistent with increased macroporosity observed in the isotherms
of these aerogels. A lower SSA value for 8C12/P loaded aerogel compared to that of aerogel

containing 3C12/P is noted; this reveals that both surface chemistry and particle size play roles in

the incorporation of C12/Ps in aerogels.

The total pore volume and average pore sizes of the present aerogels were determined using
the desorption branches of the nitrogen adsorption—desorption isotherms by applying the Barrett—
Joyner-Halenda (BJH) model.”® The effects of SiNC size and surface chemistry on total pore
volume and average pore sizes of the aerogels are summarized in Table 2-1. The total pore
volume and average pore radius of 3.50+£0.05 and 8.9+0.1, respectively, were obtained for NC-
free silica aerogels. The incorporation of SiNCs into the aerogels shows minimal effect on the
average pore sizes of COOH and PEG loaded aerogels, although a slight reduction in total pore
volume of these hybrid aerogels is observed. Surprisingly, C12/P containing aerogels show
significantly larger average pore sizes, consistent with the more open structures observed in the
TEM images of these systems (Figure 2-10). The 3C12/P loaded aerogels also show higher total
pore volume compared to that of their 8 nm counterparts. Although the influence of surface
chemistry and size on the average pore size and total pore volume of aerogels is complex, it is

apparent that the bulky amphiphilic polymer plays a role. The bulk density of aerogels is
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presented in Table 2-1; as expected, C12/P loaded aerogels possess lower bulk densities
compared to NC-free aerogels.
Table 2-1. The BET specific surface area (SSA), total pore volume (PV), average pore size (PS),

and bulk density (p) of NC-free and SiNC-containing silica aerogels with indicated sizes (d ~ 3
or 8§ nm) and surface groups (C12/P: polymer-coated dodecyl, COOH: pentanoic acid, and PEG:

polyethylene glycol).
Sample SiO, SiO,- SiO,- SiO,- SiO,- SiO,- SiO,-
3C12/P 8C12/P 3COOH 8COOH 3PEG SPEG
SSA? (mzlg) 947+£25 909+40 644+40 1025+30 1026+20 1014+25 1001+40

PV? (em’/g)  3.50+0.05 4.14+0.16 3.09+0.05 2.77+0.08 2.97+0.07 3.41+0.25 3.18+0.11
PS® (nm) 8.9+0.1 16.1+0.1 15.940.1 8.9+0.1 8.9+0.1 8.9+0.1 8.9+0.1

p (g/lem’) 0.176 0.147 0.142 0.209 0.220 0.210 0.214

*The SSA, PV, and PS values are presented as the average of high low values on two samples.
Many future applications of the present SiNC-SiO, aerogel hybrids (e.g., sensors, light
emitting diodes, etc.) would benefit from the SiNCs being chemically accessible. Exposure to
nitroaromatics is known to quench the PL of SiNCs via an electron transfer mechanism.>* Figure
2-13 qualitatively shows the immediate quenching of the PL arising from 3PEG incorporated
into silica aerogel upon exposure to nitrobenzene, confirming that the SiNCs are chemically

accessible.

Figure 2-13. 3PEG-loaded silica aerogel a) before, b) partial, and ¢) complete exposure to
nitrobenzene.
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2.4 Conclusions

Hybrid materials consisting of hydrophilic SiNCs (d ~ 3 or 8§ nm) and silica aerogels have been
prepared by exploiting base-catalyzed sol-gel processing. The resulting hybrids retain the
photoluminescent response of the entrained SiNCs, while the optical transparency of the parent
aerogel is only retained when 3 nm SiNCs bearing polyethylene glycol surface group are
employed. Nitrogen adsorption—desorption analysis indicates that the physical properties of the
hybrid aerogels depend on the SiNC dimensions and surface chemistry. The quenching of the PL
of the SiNC-loaded aerogel by molecular species confirms the chemical accessibility of the
SiNCs within these high surface area optical materials and opens the door to unique advanced

applications.
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Chapter 3:

Silicon Nanocrystal/Graphene Aerogel
Hybrids as Anode Materials for

Lithium-Ion Batteries
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3.1 Introduction

The development of high-performance lithium-ion batteries (LIBs) with higher energy and
power densities is of great importance for their application in portable electronics, stationary
energy storage, and electric vehicles."” To date, silicon is one of the most promising anode
materials for high-performance LIBs because of its abundance, low discharge potential (0.4 V vs.
Li/Li"), and high theoretical specific capacity (4200 mAh/g reported for Li»;Sis alloy); this is 10
times higher than that of a graphite anode (372 mAh/g) used in commercial LIBs.>®
Unfortunately, practical applications of Si anodes are yet to become a reality due to the low
electrical conductivity of Si and low lithium diffusion rate, as well as large volume changes
(>300%) observed during the lithiation and delithiation processes.*® The later results in the
pulverization of Si particles and unstable solid electrolyte interphase (SEI) formation, leading to
the loss of electrical contact, rapid capacity fading, and poor cyclability.*® To address these
issues, one approach is to use nanoscale Si (n-Si) of various morphologies (e.g., nanoparticles,’

13,14

. 10,11 12 . .
nanowires,”” nanotubes,'®'" hollow nanospheres,'* and nanoporous Si'*"'*). Nanoscale materials

offer short Li diffusion distances within the electrode and exhibit improved stress/strain
tolerance, which prevents the pulverization of Si anodes and improves their cycling
performance.>'> Another effective approach is to incorporate n-Si into conductive carbon

1621

materials, which accommodate the large volume expansion/contraction of Si particles and

improve the Li diffusion rate and electrical conductivity of Si anodes.

Graphene aerogels (GAs) are nanoporous carbon-based materials exhibiting high electrical

conductivity, tunable porosity, and high specific surface area.”>*

They are prepared commonly
by chemical reduction of a graphene oxide precursor, followed by various drying procedures

(e.g., freeze drying, CO, supercritical drying).”*** Recently, n-Si/GA hybrids have been studied
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as anode materials for LIBs.”**" These hybrid acrogels were prepared by incorporating n-Si
guests (d ~ 100 nm) into a graphene aerogel host using freeze drying. It has been shown that
graphene aerogels prepared by CO; supercritical drying exhibit higher electrical conductivity
(~100 S/m) and significantly higher specific surface area (512 m?*/g) compared to freeze-dried
GAs.” In addition, silicon nanocrystal (SINC) properties (e.g., size and surface chemistry) and
their effect on the electrochemical performance of the hybrid aerogels have not been explored.
Furthermore, there is no report of SINC/GA hybrids with high mass loading of functionalized
SiNCs in a graphene aerogel host (~88 %); this could pave the way to high-performance LIBs. In
this Chapter, a detailed investigation aimed at interfacing the unique properties of SiNCs (e.g.,
high specific capacity) with conductive mesoporous graphene aerogels is described. The impact
of NC size and surface chemistry on the properties and electrochemical performance of the

resultant hybrid aerogels have been investigated.

3.2 Experimental

3.2.1 Reagents and Materials

All reagents were used as received, unless otherwise indicated. A methyl isobutyl ketone
solution of hydrogen silsesquioxane (HSQ, tradename Fox-17) was obtained from Dow Corning;
the solvent was removed under vacuum, and the resulting white solid was used without further
purification. Electronic grade hydrofluoric acid (HF, 49% aqueous solution) and L-ascorbic acid
(L-AA) were purchased from J. T. Baker. 10-Undecenoic acid (98%), azobisisobutyronitrile
(AIBN, 98%), lithium foil (99.9%), 1M lithium hexafluorophosphate (LiPF¢) in ethylene
carbonate/diethyl carbonate (1:1 v/v), fluoroethylene carbonate (99%), N-methyl-2-pyrrolidone
(NMP), methanol (reagent grade), ethanol (reagent grade), toluene (reagent grade), acetone

(reagent grade), and hydrogen peroxide (H,O,, 30%) were obtained from Sigma-Aldrich. Natural
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graphite flake (99.9%), carbon black (50% compressed, 99.9+%), and poly(vinylidene fluoride)
(PVDF) were purchased from Alfa Aesar. Potassium permanganate (KMnOQO,, reagent grade),
sulfuric acid (H,SOs, reagent grade), phosphoric acid (H;PO,, reagent grade), and hydrochloric
acid (HCI, 30%) were obtained from Caledon. CR2032 coin cells and stainless steel spacers were
purchased from MTI Corporation. Toluene was dried using a Grubbs-type solvent purification

system (Innovative Technologies, Inc.) prior to use.

3.2.2 Synthesis, Liberation, and Functionalization of SiNCs
SiNC/SiO; composite synthesis and SiNC liberation. A detailed procedure of silicon

nanocrystal synthesis can be found elsewhere.***’

Briefly, an appropriate amount of HSQ (i.e,,
10 g) was annealed under slightly reducing conditions (5% H»/95% Ar) for 1 h at 1100, 1200,
1300, and 1400 °C to produce SiO»-like composites containing silicon nanocrystals of sizes ca.
3, 5, 8, and 15 nm, respectively. Hydride-terminated silicon nanocrystals (H-SiNCs) were
liberated from the silica matrix by etching SiNC/SiO, composites (0.9 g) in a 1:1:1
ethanol/H,O/HF solution (30 mL) for 1 h, followed by extraction into toluene. (Caution! HF is
extremely dangerous and must be handled with extreme care.)

Synthesis of undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm). Acid-
functionalized SiNCs were synthesized using an established literature procedure for radical
hydrosilylation.”® After etching of SiNC/SiO, composites (0.9 g), H-SiNCs (d ~ 3, 5, 8, or 15
nm) suspended in toluene were centrifuged twice (3000 rpm, 5 min) and redispersed in dry
toluene (16 mL) in a Schlenk flask equipped with a magnetic stir bar. 10-Undecenoic acid (4 g)

and AIBN (200 mg) were added to the flask, and the mixture was subjected to three

freeze/pump/thaw cycles using an argon charged Schlenk line. After stirring at 75 °C for 15 h,
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the resulting particles were collected by centrifugation (3000 rpm, 5 min) and purified by three
successive cycles of dispersion/precipitation using methanol/toluene as the solvent/antisolvent

mixture. Finally, acid-functionalized SiNCs were dispersed in benzene and freeze-dried.

3.2.3 Synthesis of SINC/Graphene Aerogel Hybrids
Synthesis of graphene oxide. Graphene oxide (GO) was prepared by oxidation of natural

graphite following the Improved Hummers® method.*'*

Briefly, graphite flakes (3.0 g) and
KMnO, (18.0 g) were dispersed in a 9:1 mixture of concentrated H,SO4/H3PO4 (360:40 mL).
After stirring for 15 h at 50 °C, the green suspension turned dark purple. The mixture was cooled
to room temperature and poured into an ice cold solution of water (400 mL) and 30% H,0O, (3
mL). The mixture was centrifuged (12000 rpm, 1 h), and the filtrate was washed successively
with deionized (DI) water (200 mLx2), 30% HCI (200 mLx1), and ethanol (200 mLx3). After
each washing, the supernatant was discarded and the unreacted graphite was removed. Finally,
the brown GO precipitate was dispersed in DI water (6 mg/mL).

Synthesis of SINC/graphene aerogel hybrids. SINC/graphene aerogel hybrids were synthesized
by incorporating functionalized SiNCs (d ~ 3, 5, 8, or 15 nm) into the GO solution, followed by
GO chemical reduction and CO; supercritical drying. Briefly, acid-functionalized SiNCs (60 mg)
were dispersed in an aqueous solution of GO (6 mg/mL, 1.25 mL), diluted to 4 mL, and
vigorously stirred with a magnetic stirrer for 5 min to obtain a uniform dispersion (the feed ratio
of functionalized SiNCs:GO is 8:1). L-ascorbic acid (72 mg) was added into the SiNC/GO
dispersion and stirred for another 5 min. The resulting dispersion was transferred to a plastic

syringe (12x60 mm) and heated at 90 °C for 3 h to reduce the GO and form a hybrid hydrogel.

The SiNC/graphene hydrogel was placed in a capped glass vial and rinsed with D.I. water three
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times to remove any impurities. Subsequently, D.I. water was exchanged with acetone,
refreshing the acetone bath every 6 h, for 1 day. The acetone-exchanged gel was placed in a
home-built CO, supercritical dryer (See Appendix A for a detailed instruction, as well as photos
of this equipment), and acetone was exchanged with liquid CO, over a time period of at least 12
h prior to the final drying procedure. Finally, the temperature and pressure of the dryer assembly
were raised to 40°C and 8.3 MPa (above the critical point of liquid CO,; 7.= 31 °C and P.= 7.4
MPa), and the liquid CO,-exchanged gel was dried for 1 h to yield a monolithic SiNC/graphene
aerogel (SiNC/GA) hybrid. To study the effect of thermal processing on the electrochemical
performance of the hybrid aerogels, these materials were annealed at 600 °C under argon flow

for 3 h to produce annealed SiNC/GA hybrids.

3.2.4 Material Characterization

Powder samples of functionalized SiNCs and hybrid aerogels were used for characterization,
unless otherwise indicated. Fourier Transform Infrared (FTIR) spectra of functionalized SiNCs
were acquired using a Nicolet Magna 750 IR spectrometer. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a Kratos Axis Ultra instrument operating in energy
spectrum mode at 210 W. The base pressure and operating chamber pressure were maintained at
10”7 Pa. A monochromatic Al Ka source (A = 8.34 A) was used to irradiate the samples, and the
spectra were obtained with an electron takeoff angle of 90°. CasaXPS software (VAMAS) was
used to interpret spectra. All the spectra were internally calibrated to the C 1s emission (284.8
eV). After calibration, the background was subtracted using a Shirley-type background to
remove most of the extrinsic loss structure. The high-resolution Si 2p region was fitted to Si 2p3.
and Si 2p;» components, with spin-orbit splitting fixed at 0.6 eV, and the Si 2ps, / Si 2pip

intensity ratio set to 2/1.
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Transmission electron microscopy (TEM) images were obtained using a JEOL 2010 electron
microscope equipped with a LaB¢ filament and operated at an accelerating voltage of 200 kV.
The TEM samples were prepared by drop-coating dilute suspensions of functionalized SiNCs or
hybrid aerogels onto a holey carbon coated copper grid. Particle size distribution was calculated
by counting at least 300 particles using ImagelJ software (1.48v).

X-ray diffraction (XRD) analysis was performed on an AXS diffractometer (Discover 8,
Bruker, Madison, WI) with Cu—Ka radiation (A= 1.5406 A). The diffractometer was equipped
with a Histar general-area two-dimensional detection system (GADDs) with a sample-detector
distance of 22.25 cm. Raman spectra were acquired using a Renishaw inVia Raman microscope
equipped with a 514 nm excitation laser and a power of 3.98 mW on the sample. Powder
samples were measured on a gold-coated glass substrate.

Scanning electron microscopy (SEM) images were obtained using a Zeiss Sigma 300 VP-
FESEM equipped with secondary and in-lens electron detectors and a Bruker energy dispersive
X-ray (EDX) spectroscopy system operated at 10 kV. A conductive carbon coating was applied
on all samples using a Leica EM SCDO005 evaporative carbon coater prior to characterization.

Nitrogen adsorption—desorption isotherms were measured at 77 K using a Quantachrome
ASiQwin surface area and porosimetry analyzer. Fine powders of hybrid aerogels were degassed
under vacuum at 130 °C for 6 h prior to the analysis. The isotherm data were fitted using the
Brunauer—-Emmett-Teller (BET) theory to determine specific surface area. The average pore
sizes and total pore volumes were calculated by applying the Barrett—Joyner—Halenda (BJH)
model to desorption branches of the isotherms.

Thermal gravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DSC 1 Star

System under an argon atmosphere (25-650 °C, 10 °C/min). Carbon, hydrogen, and nitrogen
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contents were measured using a Thermo Scientific Flash 2000 Organic Elemental Analyzer

equipped with Eager Xperience software.

3.2.5 Electrochemical Characterization

The electrochemical performance of the SiNC-based anode materials was evaluated using
CR2032 coin cells. The working electrodes were prepared using a slurry method; for the
functionalized SiNCs, NCs were mixed with conductive carbon black and PVDF dissolved in
NMP with a mass ratio of 8:1:1 to form homogeneous slurries. For the SINC/GA hybrids, these
hybrid aerogels were mixed with PVDF dissolved in NMP with a mass ratio of 9:1. Next, the
slurries were spread onto stainless steel spacers and dried overnight at 65 °C in a vacuum oven.
The electrolyte was a mixture of 1M LiPFg in ethylene carbonate/diethyl carbonate (1:1 v/v) and
fluoroethylene carbonate, with a 9:1 volume ratio. A Celgard 2325 polypropylene-polyethylene-
polypropylene membrane with a porosity of 39% was used as the separator. Coin cells were
assembled using the working electrode and a Li foil, as the counter electrode, in an argon-filled
glove box with oxygen and moisture contents below 1 and 0.1 ppm, respectively. Galvanostatic
cycling measurements were carried out using an Arbin BT2000 battery testing system at the
voltage window of 0.01-2 V at 25 °C. The current densities of 200 or 400 mA/g were applied for

cycle life measurements and up to 8000 mA/g for rate capability tests.
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3.3 Results and Discussion

SiNC/Si0, composites and hydride-terminated SiNCs (H-SiNCs) were synthesized following
well-established procedures developed in the Veinot laboratory.”®*’ A SiNC/SiO, composite
obtained from thermal annealing of hydrogen silsesquioxane (HSQ) at 1100, 1200, 1300, and
1400 °C was etched using a hydrofluoric acid solution to remove the oxide and liberate 3, 5, 8,
and 15 nm SiNCs, respectively. These H-SiNCs are susceptible to oxidation, and their surfaces
must be passivated to prevent undesirable oxidation reactions. Introducing long chain
hydrophobic/hydrophilic groups via various hydrosilylation strategies (e.g., thermal, radical, etc.)
is the most common approach to passivate H-SiNC surfaces.****** Since graphene oxide (GO)
precursor used in graphene aerogel synthesis is dispersible in aqueous media, a radical
hydrosilylation®® with a polar hydrophilic group (e.g., 10-undecenoic acid) was employed to
functionalize SiNCs and render them hydrophilic, compatible with the aerogel synthetic method.
The procedure for the synthesis of 3 nm undecanoic acid-functionalized SiNCs (Si3-COOH) is
shown in Scheme 3-1a.

The hydrophilic SiNCs (d ~ 3, 5, 8, and 15 nm) were introduced to an aqueous solution of
GO containing L-ascorbic acid (L-AA) as a reducing agent. Following chemical reduction of
GO, hydrogels were formed and subsequently dried using a CO, supercritical dryer to yield
monolithic aerogels. Anchoring hydrophilic groups on the surface of SiINCs resulted in ~88 %
mass loading of the functionalized SiNCs in graphene aerogels. Scheme 3-1b summarizes the
procedure for the synthesis of a graphene aerogel monolith containing Si3-COOH (Si3-
COOH/GA), and the inset photograph qualitatively illustrates the photoluminescent response of

Si3-COOH/GA upon exposure to UV light (i.e., 350 nm). This photograph indicates that the
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optical properties of SiNCs were preserved after incorporation into graphene aerogel, indicating

that the hydrogel formation procedure does not compromise the NC integrity.
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Scheme 3-1. Synthesis of a) 3 nm undecanoic acid-functionalized SiNCs (Si3-COOH), and b) a
graphene aerogel containing Si3-COOH (Si3-COOH/GA). Photograph of Si3-COOH/GA under

UV light is shown as inset. The scale bar is 1 cm.

Fourier Transform Infrared (FTIR) spectroscopy provides insight into the nature of SiNC
surface functionalization. Representative FTIR spectra of undecanoic acid-functionalized SiNCs
(d ~ 3,5, 8, and 15 nm) show expected features corresponding to the target functional groups
(Figure 3-la). Following hydrosilylation with 10-undecenoic acid, intense absorptions
corresponding to C—H and C=O stretching appeared at 2850-3000 and 1700-1725 cm™,
respectively (Figure 3-1a).> Also, broad Si—O related features at ~1000—1130 cm™, as well as
weak absorptions at ~2100 cm™ (residual Si—H,), are noted in the spectra of all functionalized

SiNCs.?®

&3



O-H C-H Si-HC=0 Si-0

Si3-COOH Si2p

:

Si3-COOH

;

Intensity (a.u.)

SI5-COOH

Transmittance (a.u.)

:

Si8-COOH _

Si15-COOH Si 2p

\.'i
—
L

Si15-JCOOHI 1 1 1 1 1 -,:nl n 1 i Tn‘xUI-. L 1 L 1 1 " 'l‘..n-.,
4000 3500 3000 2500 2000 1500 1000 106 105 104 103 102 101 100 99 98 97
Wavenumbers (cm-1) Binding Energy (eV)

Figure 3-1. a) FTIR and b) HRXP spectra of the Si 2p region of undecanoic acid-functionalized
SiNCs (d ~ 3, 5, 8, and 15 nm). Please note, only Si 2ps, components are shown; Si 2p;.

components are omitted for clarity.

High resolution X-ray photoelectron (HRXP) spectra of the Si 2p region of the
functionalized SiNCs and their corresponding SiNC/graphene aerogel hybrids show an intense
emission at 99.34 eV characteristic of the Si core (i.e., Si(0)) (Figures 3-1b and 3-2a). Higher
binding energy features in this region are attributed to Si sub-oxides and surface functionalized
Si atoms. A minor surface oxidation is noted in the HRXP spectra of all functionalized SiNCs
(Figure 3-1a) and their corresponding hybrid aerogels (Figure 3-2a). In addition, a comparison of
Figures 3-1a and 3-2a indicates an effective surface passivation for the functionalized SiNCs
since the aqueous environment required for the synthesis of hybrid hydrogels does not influence

SiNC surfaces.
84



HRXP spectra of the C 1s region of graphene oxide and SiNC/graphene aerogel hybrids are
shown in Figure 3-2b. The HRXP spectrum of GO shows three emission components centered at
284.8, 287.0, and 288.2 corresponding to C-C/C=C, C—0O/C-O—C, and C=0/0-C=0,
respectively (Figure 3-2b: GO).** Following chemical reduction with L-AA, the peak intensities
of oxygen-containing groups decreased significantly and the peak intensity of C—C/C=C
increased, indicating complete removal of oxygen-containing species and successful formation
of C—C/C=C during the reduction process (Figure 3-2b: Si3-COOH, Si5-COOH, Si8-COOH,

and Si15-COOH).
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Figure 3-2. HRXP spectra of a) the Si 2p region and b) the C 1s region of graphene oxide and
graphene aerogels containing undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8§, and 15 nm).

Please note, only Si 2p3,; components are shown; Si 2p;,, components are omitted for clarity.
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Transmission electron microscopy (TEM) images of the functionalized SiNCs and their size
distributions are presented in Figures 3-3a and 3-3b. The 3, 5, and 8 nm undecanoic acid-
functionalized SiNCs (d = 3.24£0.5 nm, d = 4.940.8 nm, and d = 7.9£1.2 nm) are well separated,
consistent with their dispersibility in polar solvents. In contrast, 15 nm undecanoic acid-
functionalized SiNCs (d = 15.342.8 nm) appear as large assemblies, suggesting the poor
dispersibility of these particles in polar solvents. Moreover, the TEM images of SiNC/graphene
aerogel hybrids are shown in Figure 3-3c, which shows the distribution of the functionalized

SiNCs on graphene aerogel sheets.
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Figure 3-3. a) Bright-field TEM images of undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8,
and 15 nm), b) their size distributions, and c¢) bright-field TEM images of SiNC/graphene aerogel

hybrids.
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X-ray diffraction (XRD) patterns of the SiNC/graphene aerogel hybrids are shown in Figure
3-4a. All XRD patterns show broad reflections at 2-theta of 28° and 47° characteristic of Si (111)
and (220) lattice planes, respectively.” As the size of SiNCs increases, these reflections appear
narrower and more intense due to an increase in long-range order. A broad peak at 2-theta of 20°
noted in XRD patterns of 3, 5, and 8 nm SiNC/graphene aerogel hybrids corresponds to the

graphene aerogel, indicating the poor ordering of graphene sheets along their stacking

direction.***’
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Figure 3-4. a) XRD patterns and b) Raman spectra of graphene aerogels containing undecanoic

acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm).

Raman spectra of 8 and 15 nm SiNC/graphene aerogel hybrids are presented in Figure 3-4b,
which further supports the crystallinity and composition of these materials. A sharp absorption
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band at ~516 cm™' corresponds to crystalline Si particles, and two absorption bands at ~1340 and
~1597 cm™ are attributed to the D and G bands of graphene, respectively, confirming the
presence of the graphene aerogel.’’ As the size of SiNCs decreases, the intensity of the feature
appearing above 2000 cm™ arising from photoluminescence of SiNCs increases (Figure 3-4b:
Si8-COOH/GA), which hinders the observation of the hybrid absorption bands in Raman spectra

of the 3 and 5 nm SiNC/graphene aerogel hybrids.

Secondary electron images of SiNC/graphene aerogel hybrids are shown in Figures 3-5a and
3-6a. These hybrid aerogels show a uniform morphology composed of a three-dimensional
network of randomly oriented structures with broad pore size distribution (Figure 3-6a). In
addition, energy dispersive X-ray (EDX) spectra and mapping of the SiNC/graphene aerogel
hybrids confirm the presence of Si, C, and O (Figure 3-5b) and the uniform distribution of SiNCs

throughout the graphene aerogel matrix (Figure 3-5c¢).
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Figure 3-5. a) Secondary electron images, b) EDX spectra, and ¢) EDX mapping of graphene

aerogels containing undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm).
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Figure 3-6. a) Secondary electron images and b) N, adsorption—desorption isotherms of
graphene aerogels containing undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm).
The specific surface area (SSA), total pore volume (PV), and average pore size (PS) are

presented as insets.
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Nitrogen adsorption—desorption isotherms of SiNC/graphene aerogel hybrids are presented
in Figure 3-6b. Each exhibited a Type-IV isotherm with distinct capillary condensation and
evaporation steps characteristic of mesoporous materials (d = 2-50 nm).*® It is noted that these
isotherms do not level off at relative pressures close to the saturation vapor pressure (Py), and
they indicate a combination of Type-H3 and Type-H4 hysteresis loops, characterized by parallel
and nearly horizontal branches, suggesting the presence of plate-like structures forming slit-like
pores.”®

The specific surface area (SSA), total pore volume (PV), and average pore size (PS) of
SiNC/graphene aerogel hybrids are presented as insets in Figure 3-6b. The SSA of hybrid
aerogels was calculated using the Brunauer—Emmett—Teller (BET) model. The PV and PS values
were determined using the desorption branches of the N, adsorption—desorption isotherms by
applying the Barrett—Joyner—Halenda (BJH) model. The incorporation of 3, 5, 8, and 15 nm
functionalized SiNCs into graphene aerogels results in SSA values of 42, 98, 220, and 157 m%/g,
respectively. Also, PV values of 0.444, 0.789, 1.148, and 0.836 cm3/g were obtained for Si3-
COOH/GA, Si5-COOH/GA, Si8-COOH/GA, and Sil5-COOH/GA, respectively. The Si8-
COOH/GA shows the highest SSA (220 m?/g) and PV (1.148 cm’/g) values among all hybrid
aerogels; the reason for this behavior is under investigation.

The silicon content in the functionalized SiNCs and SiNC/graphene aerogel hybrids was
determined using thermal gravimetric analysis (TGA) performed in an argon atmosphere (Figure
3-7). The weight loss of 3, 5, 8, and 15 nm functionalized SiNCs at 600 °C was about 38, 31, 13,
and 8 %, respectively, and as a result, the Si content (remaining amount) is calculated to be 62,
69, 87, and 92 %, respectively (Figure 3-7a). As expected, the incorporation of 3, 5, 8, and 15 nm

functionalized SiNCs into graphene aerogel decreased the Si content to 58, 67, 83, and 86 %,
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respectively (Figure 3-7b). The weight loss of functionalized SiNCs and their corresponding
hybrid aerogel is due to the decomposition of oxygen containing functional groups. As the size
of SiNCs (d = 2r) decreases, their surface area to volume ratio (3/r) increases, and they

experience more effective surface coverage consistent with TGA data.
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Figure 3-7. TGA of a) undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm), and b)

their corresponding SiNC/graphene aerogel hybrids.

Elemental analysis provides more accurate values for Si content, consistent with TGA data
(Table 3-1). Carbon, hydrogen, and nitrogen contents were obtained from CHNS analysis, and
the remaining amount assumed to be silicon, based on minimum surface oxidation observed in
HRXP data (Figures 3-1b and 3-2). It is noted that CHNS analysis provided lower values for Si
content compared to TGA, which indicates that the surface group is not removed completely

during thermogravimetric analysis under inert atmosphere.
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Table 3-1. CHNS data of undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15 nm) and

their corresponding hybrid aerogel.

%C %H %N %3Si (remaining amount)
Si3-COOH 40.57 6.91 0.66 51.86
Si3-COOH/GA 43.32 6.15 0.65 49.88
SiS-COOH 28.95 5.07 0.48 65.50
SiS-COOH/GA 34.10 4.85 0.59 60.46
Si8-COOH 19.00 3.48 0.37 77.15
Si8-COOH/GA 19.31 2.77 0.33 77.59
Si15-COOH 13.74 2.52 0.32 83.42
Si15-COOH/GA 14.85 2.06 0.27 82.82

The electrochemical performance of the functionalized SiNCs and the SINC/GA hybrids as
anode materials was tested using CR2032 coin cells, where Li foils were used as the counter
electrode. Figure 3-8 shows the cycling performance of the functionalized SiNCs (d ~ 3, 5, 8,
and 15 nm) and their corresponding SiNC/GA hybrids at a current density of 200 mA/g. The
specific capacity values were calculated based on the Si contents obtained from CHNS analysis
(Table 3-1). The 5, 8, and 15 nm functionalized SiNCs show poor cycling stability and low
specific capacity compared to that of a fully lithiated Si alloy (~4200 mAh/g) (Figure 3-8a). This
poor performance is attributed reasonably to a substantial aggregation of SiNCs, which suggests
that the conductive carbon black used for electrode preparation does not stabilize these NCs (d <
15 nm) and accommodate their volume changes during lithiation and delithiation cycling. Figure
3-8b shows an improved cycling stability and high specific capacity for the 5, 8, and 15 nm

SiINC/GA hybrids, suggesting that incorporating nanoscale Si into a nanoporous graphene
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aerogel stabilizes these NCs and accommodates volume changes associated with

lithiation/delithiation.
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Figure 3-8. Cycling performance of a) undecanoic acid-functionalized SiNCs (d ~ 3, 5, 8, and 15

nm) and b) their corresponding SiNC/graphene aerogel hybrids.

Contrary to the expectation that smaller SINCs would provide improved electrochemical
performance, neither Si3-COOH nor Si3-COOH/GA exhibit electrochemical response (Figure 3-
8); this observation could be due to the large relative quantity of surface ligands on SiNCs,
which leads to poor electrical conductivity and prevents Li diffusion. TGA data indicated that the
functional groups decompose at 600 °C under an argon atmosphere (Figure 3-7). Hence, the
SiNC/GA hybrids were annealed at 600 °C (3 h, Ar) to decompose the surface ligands and
produce annealed SiNC/GA hybrids (i.e., Si3/GA, Si5/GA, Si8/GA, and Sil5/GA). As a result,
the cycling stability and specific capacity of the Si3/GA hybrid improved significantly, and a

slight improvement was observed for 5, 8, and 15 nm annealed SINC/GA hybrids (Figure 3-9a).
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Figure 3-9. a) Cycling performance of annealed SiINC/GA hybrids at the current density of 200

mA/g, b) cycling performance and Coulombic efficiency of Si3/GA hybrid at the current density

of 400 mA/g, c) differential capacity (dQ/dV) plots of annealed SiNC/GA hybrids at the second

cycle, and d) capacity retention of annealed SINC/GA hybrids at various rates ranging from 200

mA/g to 8000 mA/g.

The initial specific capacity of the 15 and 8 nm annealed SINC/GA hybrids is ~2600 mAh/g

at the current density of 200 mA/g, while the 5 and 3 nm SiNC/GA hybrids exhibit initial

specific capacities of ~1900 and ~1500 mAh/g, respectively (Figure 3-9a). Also, as the size of

SiNC decreased from 15 nm to 3 nm, the cycling stability improved, and Si3/GA exhibited no
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detected capacity loss after 100 cycles; this is consistent with the original proposal of the size
effect that decreasing the size of NCs could improve their cycling stability by shortening the Li
diffusion distances and accommodating the volume changes of Si anodes.*'> The prolonged
cycling test of Si3/GA at a higher current density (400 mA/g) displayed a stable specific capacity
of ~1100 mAh/g and capacity retention of over 90% after 500 cycles (Figure 3-9b). The initial
Coulombic efficiency (CE) of Si3/GA was very low, which might be due to the initial SEI
formation and Li trapping in the nanoporous structure of the graphene aerogel;”’ the CE

increased rapidly to above 99% after a few cycles (Figure 3-9b).

The differential capacity (dQ/dV) plots of the annealed SiNC/GA hybrids at the second
cycle in the voltage window of 0.01-2 V (vs. Li"/Li) are shown in Figure 3-9c. Differential
capacity plots were acquired during the lithiation and delithiation cycling and indicated two
peaks at ~0.19 and 0.09 V in the lithiation branch and two peaks at ~0.35 and 0.5 V in the

delithiation branch, which are characteristic of Si anodes.*”

The rate capability of the SINC/GA hybrids were evaluated at the current densities ranging
from 200 to 8000 mA/g. Figure 3-9d indicates capacity retention of the annealed SINC/GA
hybrids, which is the ratio of specific capacity at a higher current density to initial specific
capacity at 200 mA/g. The Si3/GA hybrid retained ~50% and ~30% of its initial specific
capacity (~1500 mAh/g) at higher current densities of 2000 and 4000 mA/g, respectively. Also,
it retained ~90% of its initial specific capacity when the current density decreased to 200 mA/g
after having been cycled at higher current densities, indicating a very good cycling stability for

this hybrid material.
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3.4 Conclusions

SiNC-based anode materials composed of hydrophilic SINCs (d ~ 3, 5, 8 or 15 nm) and
conductive graphene aerogels have been prepared by chemical reduction of a graphene oxide
precursor followed by CO, supercritical drying. The resulting hybrid materials are mesoporous
and provide nanoscale pores to accommodate the volume changes of nanoscale Si during the
lithiation and delithiation cycling. Hence, the SINC/GA hybrids show improved cycling stability
and high specific capacity compared to the functionalized SiNCs. To further improve the
electrical conductivity and electrochemical performance of these hybrid materials, the SINC/GA
hybrids were processed thermally to produce annealed SINC/GA hybrids. The resulting Si3/GA
hybrid indicated a stable specific capacity of ~1500 mAh/g after 100 cycles at the current density
of 200 mA/g; this SiNC-based anode material also indicated a high specific capacity with minor

capacity loss up to 500 cycles and could open the door to high-performance LIBs.
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Chapter 4:

Water-Assisted Transfer Patterning of

Nanomaterials
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4.1 Introduction
Patterned transfer of nanomaterials (NMs) onto solid substrates is of great importance in the
development of large-scale functional devices (e.g., displays, sensor arrays, etc.).'” Despite

313 there is no single approach that allows NM patterning on all substrates,

impressive advances,
and every method brings with it process-specific challenges/limitations. Of the many methods
available for patterning NMs, Transfer Printing (TP) and PMMA-Mediated Transfer (PMT) are

the ones most widely employed.>*”!%!4

TP utilizes a structured elastomeric poly
(dimethylsiloxane) (PDMS) stamp to achieve NM patterning; while effective, it can be
complicated by the necessity to control the adhesion forces at the many interfaces involved.’
PMT uses a thin poly (methyl methacrylate) (PMMA) film to transfer NM patterns;
unfortunately, high temperatures (e.g., 300 °C) are required when peeling the PMMA film from
the source substrate and removing the PMMA residues from the target substrate.”

In this Chapter, a straightforward and cost-effective water-assisted method for NM transfer
is reported. It is inspired by water transfer printing that is commonly used to transfer decorative
patterns on three-dimensional objects.'® Water-assisted transfer patterning of nanomaterials uses
an inexpensive water-soluble polymer film (e.g., poly (vinyl alcohol) (PVA)) as a sacrificial NM
pattern carrier. This film is floated on the water surface where it dissolves leaving an intact NM

pattern. The floating NM pattern is transferred subsequently to diverse planar and non-planar

substrates.
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4.2 Experimental

4.2.1 Reagents and Materials

All reagents were used as received unless otherwise indicated. Gold(IIl) chloride trihydrate
(ACS reagent, >49.0%), tetraoctylammonium bromide (98%), 1-dodecanethiol (purum, >97.0%
(GCQ)), poly (vinyl alcohol) (Mw ~ 13,000-23,000, 98% hydrolyzed), toluene (reagent grade),
and ethanol (reagent grade) were obtained from Sigma-Aldrich. Sodium borohydride (99%) and

diethyl succinate (99%) were purchased from Fluka and Anachemia, respectively.

4.2.2 Fabrication of Line-Patterned Silicon Substrates (Microplates)

Line-patterned silicon substrates (2x2 cm) displaying different micron-sized widths (W) and
pitches (P) were fabricated at the UofA nanoFAB facilities. Briefly, a p-type silicon wafer (d ~
150 mm) was cleaned in piranha etchant (3:1 H,SO4:H,0,) for 15 min. The pattern was designed
and written onto a photoresist using direct-write laser lithography (Heidelberg DWL-200)
following hexamethyldisilazane (HMDS) vapor prime and spin-coating of a positive-tone
photoresist (~1.2 um Fujifilm HPR 504). The pattern was etched to a depth of ~30 um using a
high-rate Bosch process (Oxford Instruments PlasmaPro 100 Estrelas). The photoresist was
removed using oxygen plasma, and the dies were singulated using a dicing saw (Disco DAD

321). The details for microplate fabrication were provided by the UofA nanoFAB staff.

4.2.3 Synthesis and Functionalization of Nanomaterials

Synthesis of dodecyl-functionalized SiNCs (d ~ 3 nm). Dodecyl-functionalized silicon
nanocrystals (SiNCs) were synthesized using an established literature procedure for thermal
hydrosilylation.'”'® The detailed procedures of SINC/SiO, composite synthesis, SINC liberation,

and 3 nm dodecyl-functionalized SiNC synthesis can be found in Chapter 2.
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Synthesis of dodecanethiol-capped AuNPs (d ~ 3 nm). A detailed procedure for gold
nanoparticle (AuNP) synthesis can be found elsewhere.'” Briefly, an aqueous solution of
gold(II) chloride trihydrate (0.03 M, 10.0 mL) and a solution of tetraoctylammonium bromide in
toluene (0.05 M, 26.6 mL) were mixed in a beaker and stirred vigorously for 5 min. The
tetrachloroaurate was transferred into toluene, and the hydrophobic layer was separated using a
separatory funnel. Subsequently, 1-dodecanethiol (67 pL) and a freshly prepared aqueous
solution of sodium borohydride (0.40 M, 8.3 mL) were added to the hydrophobic layer,
sequentially, and the mixture was stirred vigorously for 3 h. The resulting dark brown
hydrophobic layer was separated using a separatory funnel and mixed with 400 mL ethanol to
remove excess thiol. The mixture was stored in a refrigerator (~4 °C) overnight, and the
precipitate was collected by centrifugation (3000 rpm, 5 min). The dark brown NPs were purified
using toluene/ethanol as the solvent/antisolvent mixture and separated by centrifugation (12000
rpm, 25 min). Dodecanethiol-capped AuNPs were dissolved in toluene and filtered through a

0.45-pum PTFE syringe filter.

4.2.4 Water-Assisted Transfer Patterning (WTP) of Nanomaterials

WTP of dodecyl-functionalized SiNCs (d ~ 3 nm). A solution of SiNCs in toluene (~10
mg/mL, 10 uL) was drop-coated onto a pattern area (1x1.5 cm) of a commercially available
stainless steel plate (Konad M Series, M57). The patterned plate was placed in a Petri dish
(Fisherbrand®, 60x15 mm). A PVA solution (0.1 g/mL, 3 mL) was added onto the plate to cover
the entire area uniformly, and the solution was dried overnight to form a uniform PVA film
(thickness ~ 40—50 pm). The PVA film patterned with SiNCs was peeled from the stainless steel

plate and immediately framed with Scotch® Tape with the patterned side facing upwards. Then,
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the SiNC pattern was transferred from the PVA film onto a non-planar quartz substrate, as
illustrated in Figure 4-1. The stainless steel plate was cleaned using toluene, acetone, and water,
sequentially, to remove the remaining amounts of SiNCs and PVA.

WTP of dodecanethiol-capped AuNPs (d ~3 nm). A solution of AuNPs in toluene (~5, 10, or
20 mg/mL, 50 pL) was drop-coated or spin-coated (500, 1000, or 2000 rpm, 1 min) onto a line-
patterned silicon microplate (2x2 cm). The microplate was placed in a Petri dish (Fisherbrand®,
60x15 mm) and a PVA film (thickness ~ 40—50 um) was formed on the microplate, as described
for SINC patterning. Next, the AuNP pattern was transferred from the PVA film onto an
aluminum stub, as illustrated in Figure 4-1a. The microplate was cleaned using toluene, acetone,

and water, sequentially, to remove the remaining amounts of AuNPs and PVA.

4.2.5 Material Characterization
X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos Axis Ultra
instrument operating in energy spectrum mode at 210 W. Samples were prepared by drop-casting
toluene solutions of nanomaterials onto a copper foil substrate. The base pressure and operating
chamber pressure were maintained at 10~ Pa. A monochromatic Al Ka source (A = 8.34 A) was
used to irradiate the samples, and the spectra were obtained with an electron takeoff angle of 90°.
CasaXPS software (VAMAS) was used to interpret spectra. All the spectra were internally
calibrated to the C 1s emission (284.8 eV). After calibration, the background was subtracted
using a Shirley-type background to remove most of the extrinsic loss structure.

The photoluminescence (PL) spectrum of functionalized SiNCs was recorded by exciting the

toluene solution of SiNCs with a 405 nm LED light source equipped with a 500 nm long pass
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interference filter. The emitted photons were collected using an optic fiber connected to an
Ocean Optics USB2000 spectrometer that was normalized by a black body radiator.

Transmission electron microscopy (TEM) images were obtained using a JEOL-2010
electron microscope equipped with a LaBg filament and operated at an accelerating voltage of
200 kV. The TEM samples were prepared by drop-coating dilute toluene solutions of
nanomaterials onto a holey carbon coated copper grid. Particle size distribution was calculated
by counting at least 300 particles using ImagelJ software (1.48v).

Scanning electron microscopy (SEM) images were acquired using a Zeiss Sigma 300 VP-
FESEM equipped with a backscattered electron detector and a Bruker energy dispersive X-ray
(EDX) spectroscopy system operated at 10 kV. To prepare SEM samples of patterned target
substrates, AuNPs were transferred directly onto aluminum stubs. For patterned PVA films, the
film was adhered to a double-sided carbon tape attached onto an aluminum stub with the pattern
side facing up. The conductive carbon coatings were deposited on all samples using a Leica EM
SCDO005 evaporative carbon coater prior to SEM characterization. The thickness of PVA films

was measured using a digital micrometer (Mitutoyo, 0.001 mm).
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4.3 Results and Discussion
The general procedure for WTP of nanomaterials is illustrated in Figure 4-1a, and Figure 4-1b
shows the stages of the process for silicon nanocrystals: A PVA film (thickness ~ 40—50 um) is
formed on a pattern of hydrophobic nanomaterials (e.g., SINCs) predeposited on a freshly
cleaned, patterned source substrate (e.g., stainless steel) (Figure 4-1a, 1); the film is peeled from
the source substrate, intact, bearing the patterned NMs, and immediately framed with standard
Scotch® Tape (Figure 4-1a, ii1); the PVA film is attached to a transfer vessel partially filled with
warm water (ca. 30 °C) with the NM pattern side facing up (Figure 4-1a, ii1); more warm water is
added slowly to bring the water surface into contact with the bottom of the PVA film (Figure 4-
la, iv) — this facilitates PVA dissolution and formation of a stable floating NM pattern at the
water/air interface; finally, a target substrate is immersed into the water to capture the pattern
(Figure 4-1a, v).

Silicon nanocrystals are a sub-class of heavy-metal-free quantum dots (QDs) whose optical

20,21

response may be tuned through the variations of NC size and surface chemistry. Producing

QD patterns is of particular importance if they are to find applications in light-emitting diodes

22-24

and full-color displays. For the present study, we chose to employ hydrophobic dodecyl-

functionalized SiNCs (d ~ 3 nm) synthesized following well-established procedures developed in

the Veinot laboratory'"'®

as the first test case (for material characterization see Chapter 2). These
NCs are appealing for this study because they show strong visible red photoluminescence (PL)
(Figure 4-2) that allows for straightforward tracking throughout the WTP process using a
standard UV lamp (A ~ 350 nm), as shown in Figure 4-1b. In addition, the established

susceptibility of SiNCs to water oxidation highlights the versatility of this process.”*°
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Figure 4-1. (a) An illustration of WTP of nanomaterials: (i) A poly (vinyl alcohol) film is
formed on a substrate bearing a preformed nanomaterial pattern. (ii) The patterned film is peeled
from the source substrate and framed with tape. (iii) The tape-framed film is attached to a
transfer vessel partially filled with water. (iv) The water level is raised to expose the film to
water and dissolve it. (v) A target substrate is immersed into the water to transfer the pattern. (b)
WTP of dodecyl-functionalized SiNCs (d ~ 3 nm). Photographs of (i) SiNCs deposited on a
commercial patterned stainless steel substrate under ambient light. (ii) A PVA film patterned
with SiNCs under UV light. (iii) A tape-framed PVA film bearing a SINC pattern attached to a
transfer vessel under UV light. (iv) A non-planar quartz substrate patterned with

photoluminescent SiNCs under UV light.
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Figure 4-2. PL spectrum of a toluene solution containing dodecyl-functionalized SiNCs (d ~ 3

nm) upon excitation at 405 nm. The insets show a SiNC solution (a) before and (b) after

exposure to UV light (A ~ 350 nm).

While the PL response of SiNCs provides a rapid screening of the WTP process, additional
characterization of SiNC patterns using standard methods (i.e., SEM) is challenging because the
low atomic number (Z) of Si leads to a low Z-contrast in scanning electron microscopy. In this
context, to further explore the scope of WTP process, we turned our attention to hydrophobic
gold nanoparticles (AuNPs). Dodecanethiol-capped AuNPs (d ~ 3 nm) were synthesized
according to the well-established Brust method.'” High-resolution X-ray photoelectron (HRXP)
spectra of Au 4f region and S 2p region of dodecanethiol-capped AuNPs are shown in Figures 4-
3a and 4-3b, respectively. The HRXP spectrum of the Au 4f region indicates the Au 4f7, and Au
415, doublet with binding energies of 83.8 and 87.5 eV, respectively, characteristic of Au(0)

(Figure 4-3a). The HRXP spectrum of the S 2p region shows the S 2p3, and S 2p,» doublet with
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binding energies of 162.0 and 163.2 eV, respectively, as expected for a monolayer of thiolates on
gold (Figure 4-3b).*” The bright-field TEM image and size distribution of hydrophobic AuNPs

show average sizes of 3.0£1.0 for these NPs (Figures 4-3c and 4-3d).
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Figure 4-3. Characterization of dodecanethiol-capped AuNPs (a) HRXP spectrum of Au 4f

region, (b) HRXP spectrum of S 2p region, (¢) bright-field TEM image, and (d) size distribution.

Gold nanoparticles were patterned using a series of silicon substrates (i.e., microplates)
bearing micron-scale line patterns (i.e, widths (W2pu)-pitches (P50u); Table 4-1) that were
designed to give insight into WTP fidelity (Figure 4-4). Depositing AuNPs on patterned silicon

substrates required optimization. Although AuNPs assembled in the troughs of microplates due
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to the capillary effect, drop-coating resulted in non-uniform deposition; hence, spin-coating was
explored. AuNPs were spin-coated onto the W10u-P100p microplate at 500, 1000, and 2000
rpm, and the patterns were transferred to PVA films. Figure 4-5 shows backscattered electron
(BSE) images of the PVA films (FW10u-P100p) with bright AuNP patterns acquired using a
scanning electron microscope equipped with a backscattered electron detector. The most well-
defined pattern was obtained when AuNPs were spin-coated at 500 rpm (Figure 4-5a).
Interestingly, under these conditions the AuNPs deposited on the area between the troughs rather
than in the features (Figure 4-5), which produced a negative image of the original line pattern.
This might be due to the immediate evaporation of the solvent (i.e., toluene) from the microplate,
which does not give enough time for NPs to deposit in the troughs.

Table 4-1. Widths (W) and pitches (P) of line-patterned silicon substrates (microplates).

W(um)‘ 2 ‘ 10 ‘ 50 ‘ 100 ‘ 200

P(um)‘ 50 ‘ 100 ‘ 200 ‘ 400 ‘ 600

(c)
i Idepth ~ 30 um

1.5cm

—

Figure 4-4. (a) Photograph of a 2x2 cm line-patterned silicon substrate (i.e., W200u-P600p).
(b,c) Schematic representation of a microplate defining width (W) and pitch (P); (b) top view
and (c) cross-sectional view (blue arrow for when NPs deposit in the troughs and red arrow for

when they are on the area between the troughs).
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Figure 4-5. BSE images of AuNPs on PVA films (FW10u-P100u) obtained from AuNP

depositions at (a) 500, (b) 1000, and (c) 2000 rpm. The brighter areas correspond to AuNPs.

Having established that spin-coating provides uniform deposition, AuNPs were deposited
onto the W2u-P50p microplate at 500 rpm, a PVA film was formed, and the pattern was
transferred to an aluminum substrate (Figure 4-6). The target pattern formed; however, most NPs
stuck to the microplate and did not transfer to the PVA film. To address this issue, a hydrophobic
plasticizer (e.g., diethyl succinate (DES)) was added to the AuNP solution. The hydrophobic
plasticizer is a liquid with low volatility that sticks to NPs after evaporation of the solvent (i.e.,
toluene) and softens the pattern. Therefore, it can facilitate NP transfer from the microplate to the

PVA carrier and improve the pattern intactness after the dissolution of the PVA film.

SW2u-P50u.

Figure 4-6. BSE images of AuNPs on (a) PVA film (FW2u-P50u) and (b) aluminum substrate

(SW2u-P50p). The brighter areas correspond to AuNPs.

113



To explore the effect of plasticizer addition, AuNP suspensions of predefined concentrations
(i.e., 5, 10, and 20 mg/mL) containing a known concentration of DES (0.6 M) were spin-coated
onto the W10u-P100p microplate at 500 rpm, transferred to PVA films (FW10u-P100p), and
evaluated with BSE imaging (Figure 4-7). Under these conditions, AuNPs deposit in the
microplate troughs and, after transfer to the PVA film, provide a replica of the original W10p-
P100p pattern. Also, an optimum concentration of 10 mg/mL is observed for AuNPs, enough to
fully fill the microplate troughs without forming any unwanted features (Figure 4-7b). It is
noteworthy that there is no need to add a hydrophobic plasticizer to dodecyl-functionalized
SiNCs (d ~ 3 nm) prepared using thermal hydrosilylation. It is reasonable to attribute this
difference in behavior with that of AuNPs to the presence of surface bonded oligomers on SiNCs
that can retain some toluene after initial deposition on the microplates.”® This residual toluene

could take on the role of a plasticizer.
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Figure 4-7. BSE images of AuNPs on PVA films (FWI10u-100p) obtained from AuNP
suspensions of concentrations (a) 5, (b) 10, and (¢) 20 mg/mL containing 0.6 M diethyl

succinate. The brighter areas correspond to AuNPs.

Having identified the optimum patterning conditions, a 10 mg/mL AuNP solution containing
DES (0.6 M) was spin-coated onto a series of microplates (i.e., W2u-P50u), transferred onto

PVA films (i.e., FW2u-P50u), and finally transferred onto aluminum substrates (i.e., SW2pu-
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P50u). BSE images of the patterns on PVA films (Figure 4-8a) and corresponding WTP patterns
on aluminum substrates (Figure 4-8b) show assemblies of AuNPs as bright features. Mapping
(Figure 4-8c¢) and line scans (Figure 4-8d) of AuNPs on aluminum substrates acquired using a
scanning electron microscope equipped with an energy dispersive X-ray (EDX) spectroscopy
further confirms the presence of AuNPs.

(a) AW2u-R

FW50u-P200y FYY100}-P400u FWR200u-P600p | |

200 pm

O] SW2u-P500 | SW50p-P200p SW100p-P400y SW200u-P600u | |

200 ym

(c) SW2u-P50u SW50u-P200u SW100u-P400u SW200u-P600u

£

(d) swau-P50u Av SW10p-P100p  Av SW50p-P200p  Av SW100u-P400u  Au  SW200u-P600u  Au

#

Y

Mass
Mass %

=

El

200 400 600 o 200 400 600 800 1000 o 500 1000 1500 2000 ['] 1 2 3 0 1 2 3 4
Distance (um) Distance (um) Distance (um) Distance (mm) Distance (mm)

EEmiE
Figure 4-8. (a) BSE images of AuNPs on PVA films, (b) BSE images of AuNPs on aluminum
substrates, (¢) EDX mapping of AuNPs on aluminum substrates, and (d) EDX line scans of

AuNPs on aluminum substrates.

Figure 4-8a shows the transfer of AuNPs onto PVA films. For microplates with widths less
than or equal to 50 um, NPs fill the troughs, while for microplates with widths greater than 50
um, NPs deposit in the edges of the troughs (Figure 4-8a). NPs prefer to deposit in the edges of
the troughs due to capillary forces, and as the width of the microplates decreases they fill the

troughs. Figures 4-8b and 4-8c show that the patterns deposited on the PVA films are effectively
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transferred via WTP to aluminum substrates. High quality transfer is obtained for all patterns as
NP patterns on PVA films reproduced on the aluminum substrates; however, some minor
variations are noted when feature widths are less than 10 um. It is reasonable that these
variations result from movement of the water surface and could be improved with better isolation
from vibration and air currents. In addition, a comparison of Figures 4-8a and 4-8b indicates that
a slight expansion in NP patterns occurs as a result of water transfer; this is more evident in small
features. We propose that this expansion of the pattern relates to PVA film dissolution, which
involves shrinking and expansion of the PVA film and may be addressed through application of
more advanced polymers.

4.4 Conclusions

In summary, water-assisted transfer patterning of nanomaterials provides a straightforward and
cost-effective approach for transfer of nanomaterial patterns onto a variety of substrates
including non-planar surfaces. We believe that this method can be extended to other hydrophobic
nanostructures (e.g., quantum dots, metallic nanoparticles, carbon nanotubes, and graphene) and
irregular shape substrates (e.g., optical fibers, microspheres) and could open the door to a variety

of new applications (e.g., flexible sensor arrays, curved displays, and optoelectronic structures).
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5.1 Conclusions

Over the last three decades, the synthetic approaches, surface functionalization methods, and
fundamental understanding of SiNCs have advanced dramatically.? These nanomaterials have
been investigated for potential optical (e.g., LEDs, sensors) and energy (e.g., LIBs)
applications.”® To access the unique optoelectronic properties of SiNCs and facilitate their
practical applications, they must be transferred from solutions to functional structures (e.g.,

optical materials, conductive matrices, patterned substrates).

This thesis focuses on two approaches to transfer SINCs from solutions to solid states: one
approach involves their incorporation into aerogel hosts (Chapters 2 and 3), and another

approach is the patterned transfer of SINCs onto solid substrates (Chapter 4).

In Chapter 2, SiNCs were transferred from solutions to silica aerogel hosts. Silica aerogels
are prepared by sol—gel processing of silicon alkoxide precursors, followed by CO; supercritical
drying. Silicon alkoxide precursors, such as tetramethyl orthosilicate (TMOS) used in silica
aerogel synthesis, are soluble in polar solvents. Hence, hydrophilic SINCs of various sizes (d ~ 3
and 8 nm) and surface groups (i.e., polymer-coated alkyl (C12/P), carboxylic acid (COOH), and
polyethylene glycol (PEG)) that photoluminesce throughout the visible and NIR spectral regions
were synthesized and incorporated into a TMOS containing solution to produce luminescent
silica aerogels of varied transparency (Figure 5-1). Photoluminescence spectroscopy performed
on solutions and aerogel monoliths containing SiNCs revealed that the optical properties of
SiNCs are dependent on their size and surface chemistry. Furthermore, the incorporation of
SiNCs into silica aerogels did not influence their PL response. Nitrogen adsorption—desorption

measurements indicated that the physical properties of silica aerogels may be tailored by
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changing the SiNC size and surface chemistry. Adding to the appeal of this work, PL quenching
of a SiNC-loaded silica aerogel occurred upon exposure to nitrobenzene; this confirms the
chemical accessibility of the SiNCs within these high surface area optical materials and could

open the door to advanced sensing applications.
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Figure 5-1. Photographs of NC-free and SiNC-containing silica aerogels with indicated sizes

and surface groups under ambient (top) and UV (bottom) light (for details see Chapter 2).

In Chapter 3, SiNCs were incorporated into conductive graphene aerogel hosts and tested as
anode materials for LIBs. Graphene aerogels (GAs) are prepared commonly by reducing a
graphene oxide (GO) precursor, followed by different drying techniques (i.e., CO, supercritical
drying, freeze drying). GO is hydrophilic and dispersible in water; hence, hydrophilic SiNCs of
various sizes (d ~ 3, 5, 8, and 15 nm) were synthesized and incorporated into a GO containing
aqueous solution to prepare SiNC/GA hybrids. High resolution X-ray photoelectron
spectroscopy performed on the functionalized SiNCs and their corresponding SiNC/GA hybrids
indicated a small amount of surface oxidation on these materials. Nitrogen adsorption—
desorption measurements revealed that the SINC/GA hybrids are mesoporous (d = 2-50 nm),

with plate-like structures, and could provide empty spaces to accommodate the volume changes
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of SiNCs during the lithiation and delithiation cycling. The electrochemical characterization
performed on the functionalized SiNCs and their corresponding SiNC/GA hybrids indicated
improved cycling stabilities and high specific capacities for the hybrid aerogels compared to
those of the functionalized SiNCs after 100 cycles. Moreover, the cycling performance of the
hybrid aerogels improved significantly as the size of SiNCs decreased. To improve the electrical
conductivity of hybrid aerogels, SINC/GA hybrids were processed thermally at 600 °C under an
argon atmosphere; the annealed 3 nm SiNC/GA hybrid indicated a stable specific capacity of
~1100 mAh/g and a capacity retention of over 90% after 500 cycles when tested at the current

density of 400 mA/g (Figure 5-2).
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Figure 5-2. a) Photographs of a graphene aerogel containing 3 nm undecanoic acid-
functionalized SiNCs under ambient and UV light and b) cycling performance of an annealed 3

nm SiNC/graphene aerogel hybrid at the current density of 400 mA/g (for details see Chapter 3).

In Chapter 4, a straightforward and cost-effective water-assisted transfer technique was
developed to transfer patterns of nanomaterials from solutions to solid substrates at low
temperatures (~30 °C). This transfer method relies on the hydrophobic effect and utilizes a water-

soluble polymer film (e.g., poly (vinyl alcohol), PVA) as a sacrificial carrier to transfer
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hydrophobic nanomaterials (e.g., SINCs, gold nanoparticles (AuNPs)) onto surfaces of various
shapes (i.e., non-planar, planar) and compositions (e.g., quartz, aluminum stub) (Figure 5-3).
Using this approach, nanomaterial patterns on PVA films were reproduced on solid substrates
with good fidelity. The water-assisted transfer patterning method can be extended to other
hydrophobic nanostructures (e.g., quantum dots, metallic nanoparticles, carbon nanotubes, and
graphene) and irregular shape substrates (e.g., optical fibers, microspheres) and could open the

door to a variety of new applications (e.g., flexible sensor arrays, curved displays, etc.).

PVA Film Substrate
¥

N Ay

Figure 5-3. A simplified illustration and examples of patterned transfer of nanomaterials (e.g.,

SiNCs, AuNPs) from PVA films onto solid substrates (for details see Chapter 4).
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5.2 Future Directions

5.2.1 SiNC/Silica Aerogel Hybrid Materials

The incorporation of luminescent SiNCs into silica aerogels could prevent their surface oxidation
and improve their thermal stability since silica aerogels are good barriers against
oxygen/moisture and possess very low thermal conductivity. One approach to synthesize SiNC-
Si0, aerogel hybrids is to incorporate Ahydrophilic SINCs into a hydrophilic silicon alkoxide-
containing solution, as discussed in Chapter 2. However, most surface-functionalized SiNCs
exhibiting PL emission colors covering the visible spectrum are hydrophobic.” Hence,
hydrophobic silicon-containing precursors must be explored if SiNC-SiO, aerogels exhibiting

full PL emission colors appropriate for optoelectronic applications are required.

Hydrogen silsesquioxane (HSQ), the precursor used in the synthesis of SiNCs, is a
hydrophobic silicon-containing precursor and can be used for this purpose. The HSQ monomer
has a cage structure with a Si—H at each corner, bridged by oxygen.® The monomer cages could
cross-link into a network structure by forming additional bonds between cages; this cross-linking
may involve reactions with water vapor to produce OH groups on the Si—H corners, which
subsequently react to form Si—O-Si bridges.” Following the incorporation of hydrophobic SiNCs
into a hydrophobic HSQ solution, transparent luminescent SiNC-SiO, gels/aerogels could be

synthesized.

The SiNC-SiO, aerogel hybrids combine the optical properties of SiNCs with the
transparency and low thermal conductivity of silica aerogels, opening the door to optoelectronic
applications. It has been shown that the incorporation of Cd-based QDs into a silica matrix
results in highly luminescent and photostable QD/silica hybrids for LED applications.10

However, Cd-based QDs are toxic and regionally restricted. Hence, it would be beneficial to
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fabricate LED devices based on non-toxic SiNC-SiO, aerogel hybrids and investigate their

performance.

5.2.2 Development of SINC/Carbon-Based Anode Materials

As discussed earlier, SINCs are promising anode materials for LIBs, and their incorporation into
conductive porous carbon materials is an effective strategy to solve the issues facing Si
electrodes (i.e., large volume changes, low electrical conductivity). In Chapter 3, hydrophilic
SiNCs were synthesized and incorporated into graphene aerogels following chemical reduction
of GO using L-ascorbic acid and CO, supercritical drying; this resulted in hybrid materials with
stable specific capacities of >1000 mAh/g after 100 cycles. However, this is a multistep approach
that requires pre-functionalization of SiNCs and additional reducing agents. It would be useful to
explore alternative, straightforward approaches to produce SiNC/C hybrid materials that would

be more appealing for industrial LIB production.

Reduced graphene oxide (RGO) is a graphene-like structure with residual oxygen-
containing functional groups and surface defects; it can be obtained by chemical reduction of GO
using mild reducing agents.'' It has been shown that H-SiNCs are effective reducing agents at
150 °C;12 hence, the one-step reaction of H-SiNCs with GO at 150 °C could functionalize SiNCs
and reduce GO to RGO to produce SINC-RGO hybrids (Scheme 5-1). The RGO sheets can
provide empty space to accommodate the volume changes of SiNCs and improve their electrical

conductivity for LIB applications.
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Scheme 5-1. Synthesis of a SINC-RGO hybrid material.
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5.2.3 Water-Assisted Transfer Pattering of Nanomaterials

The water-assisted transfer patterning (WTP) uses a PVA film to transfer patterns of
nanomaterials onto surfaces of various shapes and compositions. It is a straightforward and cost-
effective transfer method since it uses an inexpensive polymer film and the whole process is
performed in water at low temperatures (~30 °C). Also, WTP does not require a delicate control
over the adhesion forces at the interfaces or high temperatures to remove polymer residues;
hence, it is a practical approach to transfer patterns of nanomaterials onto diverse substrates for a
variety of applications (e.g., sensor arrays, curved displays, printed electronics, etc.). However,
the shrinking and expansion of the PVA film during the water transfer influence the fidelity of
transfer patterning. To improve WTP fidelity, one approach could be to replace the PVA with
advanced water-soluble polymers or copolymers causing less shrinking/expansion during
dissolution. Another approach could be to form a transparent protective layer (e.g., hydrophobic
polymer) on top of the NM patterns, which can preserve the pattern integrity during the

dissolution of the PVA film (Figure 5-4).

/ Protective layer

P Nanomaterials

PVA layer

Figure 5-4. Schematic representation of a modified pattern layer; nanomaterials are sandwiched

between the PVA layer and the protective layer.
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Appendix A: A Detailed Procedure of CO; Supercritical Drying Presented in Experimental
Sections of Chapters 2 and 3

In the studies described in Chapters 2 and 3, a home-built CO, supercritical dryer was used to
dry the gels and obtain aerogels. A detailed process of building a CO,; supercritical dryer can be
found elsewhere.'” To build a CO, supercritical dryer with a 1-inch (2.5 cm) diameter opening,
the manuclave parts were ordered from McMaster-Carr and assembled with the assistance of the
staff at the Design and Manufacturing Centre, Department of Chemistry, University of Alberta

(Figure A-1).

Figure A-1. Photographs of a) a home-built CO, supercritical dryer with a 1-inch diameter

opening, b) the front view, and ¢) the side view.

Drying a gel using a home-built CO, supercritical dryer involves three steps: 1) loading the
gel (~1 h), i1) solvent exchange with liquid CO, (~1 day), and ii1) CO, supercritical drying and

depressurizing (~1 h).
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Loading the gel is an important step; it must be handled with extreme care and patience to
prevent the collapse of the gel structure. To avoid cracking the gel, the vessel was filled with a
solvent compatible with the gel (i.e., acetone) (Figure A-2a). Next, the gel was transferred into
the vessel using a pre-fabricated aluminum (Al) container (Figure A-2b). When the gel was
loaded into the vessel, the pipe plug was tightened to close the opening (Figure A-2c¢). A poly
(tetrafluoroethylene) (PTFE) tape was used to wrap the pipe plug before tightening. After closing
the pipe plug and all the valves (i.e., intake valve, pressure release valve), the temperature of the
vessel was decreased to 10 °C using crushed ice obtained from an ice machine (Hoshizaki™).
Finally, the liquid CO; tank (CARBON DIOXIDE 29KG 64LB K Type Cylinder, Praxair Inc.)
and intake valves were opened sequentially and slowly to siphon liquid CO, into the vessel.
After ~5 min, the solvent was drained using the drain valve. Next, the vessel was cooled down to

10 °C and refilled with liquid CO,.

Pressure Release Valve

T

Drain Valve Al Container PTFE Tape

Figure A-2. Photographs of a) a CO; supercritical dryer indicating main components, b) loading

a gel, and ¢) tightening the pipe plug.
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After an overnight solvent exchange with liquid CO; (~15 h), the remaining solvent was
drained using the drain valve, and fresh liquid CO, was transferred into the vessel after

decreasing the temperature of the vessel to 10 °C.

The gel was left in liquid CO, for at least 2 h. Next, all the valves (i.e., intake valve, liquid
CO, tank valve) were closed to increase the temperature and pressure of the vessel and carry out
CO, supercritical drying. A heat gun was used to heat the vessel and increase the temperature
and pressure above the critical point of liquid CO, (31 °C, 1100 psi). To obtain an aerogel, a two-
step heating profile was used; first, the temperature and pressure of the vessel were increased to
40 °C and 1200 psi, respectively, and the gel was kept under these conditions for 30 min. Next,
the temperature and pressure was raised to 50—-60 °C and 1300-1400 psi, respectively, and kept
under these conditions for another 30 min. Finally, the vessel was depressurized slowly using the
pressure release valve, and the aerogel was unloaded from the vessel after opening the pipe plug.

A more detailed instruction of CO, supercritical drying can be found elsewhere.**
References:

1. http://www.aerogel.org/?cat=33 (accessed on April 29, 2018)
2. http://www.aerogel.org/?p=667 (accessed on April 29, 2018)
3. http://www.aerogel.org/?p=1340 (accessed on April 29, 2018)

4. http://www.aerogel.org/?p=1344 (accessed on April 29, 2018)

163



