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Abstract

As the issue of global warming grows more severe, the importance of green
environmental consciousness is on the rise. Research fields such as energy storage, gas
adsorption, and electrochemical catalysis are seeing rapid development, with carbon
materials playing an essential role in these areas. In this study, a hierarchical porous
polymer material was formed through gas-phase polymerization and carbonized at high
temperature to yield a hierarchically porous carbon structure that maintained its
morphology due to the addition of silicate. Differing from the encapsulation of solid
materials using methods like the hard-template approach, this novel fabrication process
provides a time-efficient and eco-friendly synthesis route for porous carbon with larger
pore sizes. It was from the CVD process of temporal foam-like ice-template. The cell
window was from the original occupied space of air volume, forming primary pore sizes
from approximately 100 micrometers to centimeters. On the other hand, the strut
underwent a freeze-drying process, resulting in the formation of a secondary pore
structure with pore sizes around 10 micrometers. There is a conformal carbon film on the
framework of laponite due to the carbonization of dense parylene film coating. To
emphasize the characteristics of highly tunable morphology of this approach, we
presented a sample with fractal structure, showing their potential for various application.
Moreover, a straightforward thermal insulation test indicated the excellent thermal

insulation performance of this foam-like carbon structure.

Keywords: Vapor-phase polymerization, carbon material, hierarchical porous structure,

thermal insulation performance
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Chapter 1 Introduction

1.1 Classification of Carbon-based materials

Research about carbon-based materials are getting much more attention recently.
There are several advantages of carbon-based materials, for example, its characteristic of
lightweight and strong mechanical properties. Moreover, it has excellent electric
conductivity and thermal conductivity, which may replace the role of metal. When it
comes to carbon-based materials, there are two opinions to comprehend these materials.
One is on the basis of electron hybridized orbitals'. Allotropes of carbon like diamond,
graphite and carbyne, are corresponding to sp°, sp? sp hybridization respectively.
Diamond structure has completely sp> hybridization, whose four electrons are satisfied,
resulting the insulating electric property, good thermal conductivity and hardness’.
Graphite is composed of multi-layer graphene, and each graphene layer is a flat hexagonal
crystalline structure with sp2 bonds®. Graphene, by definition, is a two-dimensional
material with only one carbon atom layer. Its appealing characteristics of transparent
optical properties and high thermal conductivity makes it a highly potential role in
application. Carbyne is the ideal carbon material with infinite chain structure, which has
sp hybridized orbital. However, this material is still full of controversies*. Besides,
fullerenes, whose molecular nanostructures have curvature, are carbon materials with sp?
hybridized orbital. For example, carbon nanotube and buckyball are fullerenes. The main
difference between fullerenes and graphene is that the former has nanostructure of
spherical cage-like, not sheet-like’. There is a theory, pyramidalization, explaining the

curvature-induced change in hybridization®. As a result, we can regard fullerenes as
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carbon materials with sp>™ hybridized orbital.

Rather than on the view of hybridization of electron orbitals, the other opinion to
comprehend carbon material is on the view of molecular nanostructure. For example,
graphene quantum dot® and buckyball, Ceo are zero-dimensional nanomaterial. Carbon
nanotube and carbon nanofiber are one-dimensional nanomaterial’. Carbon sheet and
graphene are two-dimensional carbon-based material®. Last but not least, porous carbon
and 3D graphene are three-dimensional materials’, which are usually seen in many
applications such as energy storage and energy conversion'’. Strictly speaking, graphene
is an ideal material with only one carbon atom layer. In the literature!!, it gives a detailed
definition and recommended nomenclature for graphene-based material. Multi-layer
graphene is composed of 2~10 layers of well-defined stacked graphene. Carbon films
with uncountable number of layers of carbon atom (> 10 layers graphene) or

discontinuous stacking order of graphene layer should be called “carbon thin films” !!.
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1.2 Porous Carbon

Porous carbon refers to carbon materials with microscopic or macroscopic pore size.
Undoubtedly, research about porous carbon is getting important in these days. Porous
carbon materials have characteristics of high specific surface area, lightweight, excellent
thermal conductivity and good electrical properties, so they can be applied in energy
storage, gas storage, water treatment and batteries research field'2. Porous carbon can be
made from many kinds of fabrication routes'®, which can be divided into template-
assisted method and template-free method. Template-assisted method involves hard
template, soft template and self-template. The concept of template-assisted method'*
contains the following steps: (1) the occupied space due to a template. (2) introduction of
carbon source (polymer) on the template via by wet impregnation or polymerization. (3)
direct carbonization of carbon source. (4) removal of the template. Take hard template
method for example, which is shown in Figure 1.1. Hard template is usually inorganic
materials like silica, metal oxide, and zeolite'>. The porous carbon structure is a negative
replica of hard template, so the pore size can be tuned by choosing different particle size
of inorganic material. However, there is usually the participation of strong acid or strong
base etching agents during the removal of hard template. In contrast, soft template method
is advantageous for its easier removal template during pyrolysis, but it is time-consuming
for the reactions between carbon source and surfactants'®. Self-template method can be
from biomass material or metal-organic framework (MOF) acting as templates. The
biomass precursor would have pore formation during pyrolysis process'’. However, it is
usually required for an activation process. Activation of carbon is a useful way to produce
micropores'®. The main disadvantage of biomass-derived porous carbon is because of

intrinsic pore structure, which is hard to control pore size.
3
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One of template-free method is sol-gel controlling. Take carbon aerogels as example,
the classical and conventional fabrication process contains three steps: polymerization,
drying, and carbonization'®. Usually, scientists use gelation reaction to get cross-linked
polymer material. The polymerization often takes place in the liquid phase solution. After
the polymerization, there is a needed drying process to evaporate the solvent. Followed
by the next step, this polymer conducts pyrolysis process to carbonize the polymer into
carbon. The porosity, pore size distribution and texture properties could be customized by
different preparation conditions, such as pH, temperature and ageing time?.

The above introduced methods can briefly and roughly give explanation about pore
formation mechanism of porous carbon materials. However, the research about
carbonization process itself is also important. For example, there would be morphology
change or thermal stability problem of templates. Besides, the carbonization process
parameters would depend on the type of polymer. There will be a further detailed

discussion about carbonization in the “Results and Discussion part”.
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Figure 1.1 Concept illustration of hard template method.
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1.3 Hierarchical Porous Carbon

In material science, controlling the pore size distribution of a material is challenging
for scientists, no matter what in which research field. By definition, one can classify the
pore size into three types, micropores (pore diameter less than 2 nm), mesopores (pore
diameter between 2 nm and 50 nm) and macropores (pore diameter larger than 50 nm).
With synergy effect of these three distinct pore sizes at different scales, hierarchical
porous carbon can enhance the electrochemical performance. For example, micropores
can supply lots of surface area and active sites for ion storage. Mesopores are able to
facilitate the mass transport pathways for ions. Macropores can minimize the diffusion
distance of ions, acting like the ion-buffer reservoirs®'.

In fact, for supercapacitor application or electrochemical catalysis, the effective
specific surface area is indeed the key factor that determine the fundamental
performance?®?. High specific surface area is due to the presence of micropores. However,
the presence of micropores does not guarantee well performance since that some
micropores are inaccessible to the electrolyte ions. As a result, the hierarchical pore
structure contributes a synergy effect, combining the advantages of each pore size scale.
The hierarchical structure design can not only be bimodal at a single scale length but also
span across two or three length scales such as mirco-meso, micro-macro,meso-macro or
even micro-meso-macro levels'>. Besides pores at different length scales, whether the
pore structures are in order and the geometric of pore shape also cause influence in

diffusion behaviors of electrolyte.
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1.4 Chemical Vapor Polymerization

Poly-para-xylene, also called parylene, is a unique polymer material not only from
its polymerization mechanism but also its characteristics of physical and chemical
properites. Parylene has been a commercial polymer material, applied in many
applications and researches. Chemical-inert is one of its advantages, making it as a
chemical protection barrier for electronic components. Parylene also acts as good thermal
and electric insulation layer?, and its biocompatibility makes it a suitable encapsulation
layer of biomedicals?*. Moreover, parylene is famous for the conformal coating ability,
making itself a special and vital role in lots of application®.

In 1966, Gorham proposed a novel synthetic method of parylene®®. The Gorham
process can be divided into three steps: sublimation of dimer, pyrolysis into monomer,
polymerization into polymer. First, the precursor, paracyclophane, would be put in the
vacuum vessel and heated at around 100°C to sublimate into gas phase. This gas phase
dimer would be transported by inert gas to the furnace. Typically, 650°C condition is
enough to pyrolyze the dimer into monomer. Each monomer is a highly reactive radical.
Next, the monomer would continually be transported by inert gas into deposition chamber.
The monomer needs to adsorb on the substrate then be able to start polymerization.
According the theory proposed by Fortin?’, there is a well control of polymerization rate
by adjusting the substrate temperature and monomer concentration in the deposition
chamber. It is worth to note that the polymerization rate is faster at lower temperature,
which is favored with physical adsorption of monomer.The whole process has no by-
product, and deposition of parylene is a dry process at room temperature. Moreover, based
on the proposed mechanism of water vapor sublimation and parylene monomer

deposition®®, it is simply to fabricate an interconnected porous structure from ice-template.
7
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The sublimation rate of ice-template is the rate determined state of adjusting pore size
distribution®®. As a result, tunable pore size is achievable.

In conclusion, this vapor phase polymerization has several advantages and
significant characteristics: (1) excellent control of ultra-thin parylene film coating
thickness®® and conformality, which is highly potential to develop a new fabrication
method of 3D graphene. (2) couple hours of reaction time. (3) green process to generate
pore structure, no involvement of toxic chemicals and etching agent. Herein we
demonstrated parylene as the precursor of carbon source to fabricate porous carbon
structures. Thanks to the successful replacement of ice-template into porous parylene
structure and carbonization process, we can fabricate hierarchical porous carbon with an

easier way.
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Chapter 2 Experimental

2.1 Characterizations

2.1.1 Thermogravimetric analysis (TGA)

Poly(2-chloro-p-xylylene), also called parylene C was analyzed with SDT650 (TA
instruments, USA) to know the weight change during pyrolysis process. The whole
process was conducted in nitrogen atmosphere. The ramping process was 10°C/min to
300°C, and then changed to 5°C/min to 850°C. Last, the temperature was held at 850°C

for an hour to make sure the carbonization process almost complete.

2.1.2 Raman spectroscopy

The Raman spectra were collected using an inVia™ confocal microscope (Renishaw,
UK) with He-Ne laser for 633 nm excitation. The spectra were smoothed and baseline
subtracted with Renishaw WiRE 5.0 software. The measurements were carried out with
10 seconds exposure time and 10% power intensity. Each Raman spectrum showed the

intensity versus Raman shift, ranging from 600 cm™ to 3400cm™.

2.1.3 X-ray diffraction

The X-ray diffraction spectra were collected with X-ray diffractor (Rigaku
SmartLab®, Japan) to analyze the crystalline structure of materials. All the measurements
used copper (Cu) Ka to generate X-ray source. Each sample was measured with scanning
speed 5 "C/min, ranging from 10° to 60°. The datas were smoothed and plot with

OriginLab software. The baseline was subtracted

doi:10.6342/NTU202301165



2.1.4 Scanning electron microscopy (SEM)

SEM imaging was captured with Nova™ NanoSEM (FEI, USA) using 5 keV. Each
sample was put in the vacuum at room temperature overnight. All samples were sputtered

with platinum for 4 minute with a current of 20 mA.
2.1.5 3D profile microscope
The foam-like structures were captured with VK-9500 3D profile microscope
(Keyence, Japan).
2.1.6 Nitrogen adsorption-desorption isotherm (BET)

The specific area and pore size distribution was measured with nitrogen gas
adsorption method. The instrument was Micrometrics ASAP2010. The degas temperature
was 200°C. Before measurement, samples were put in the 110°C oven in the vacuum

overnight.

2.1.7 Atomic force microscope (AFM)

The thickness of parylene film and carbon sheet was measured with Bruker AFM.
The morphology was pictured with NanoWorld AFM tips using tapping mode. By
scratching the film surface with the tip of a needle, there was a height difference produced
between the height level of wafer and film. This height difference was regarded as the

basis of thickness.

10
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2.2 Temporal bubble structures

Bubble structures were created by the bubble blowing process. At the beginning, 0.1
wt% solution of tween80 (Sigma) was prepared. Due to the addition of surfactant agent,
the liquid solution would form bubbles easily as the gas was injected to the liquid. In this
research, there were two ways to produce bubbles with different sizes, as shown in Figure
2.1. Intuitively, one way was to use the pipette filled with air and push the plunger slowly
to inject it into bubbles. This kind of blowing process was appropriate for fabricating
centimeter scale of bubble pore diameter and countable numbers of bubble. Alternatively,
the other way was to use the tools like milk frother to do agitation in the liquid. This
method produced numerous bubbles, whose pore sizes were in the range of hundreds of
micrometers. The bubbles would burst because of the evaporation of water on the bubble
surface or the disruption of surface tension. Therefore, the bubble structures would be
frozen into ice-template with liquid nitrogen bath (LNG) below as a cooling agent to

maintain integrity of the structure.

Method A ‘\ air injection by pipette

=

\

frozen into ice-template
»

Tunable size
of bubbles
forming by agitation
frozen into ice-template /
Method B ~100 um #

LNG

Figure 2.1 Schematic illustration of temporal bubble structures with different sizes.
11
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2.3 Vapor phase polymerization and water sublimation process

The adjustable experimental parameters of custom-built vacuum system were
divided into three parts: (1) flowing rate of inert gas. (2) temperature of dimer. (3)
temperature of cooling plate. For substrate with ice-template on it, the cooling
temperature was set to be 0°C to control the sublimation rate of ice. At the beginning of
vacuuming, the dimer was away from pyrolysis furnace as far as possible to avoid
parylene from polymerizing on the frost of ice. The flow of argon was turned off also for
the same purpose. After several minutes, flow rate of argon was changed to 5 sccm and
dimer was put at the location of which temperature was about 50°C. The whole process
finished until the system back to its base pressure.

For substrate with no ice-template on it, the cooling temperature was set to be 25°C.
The flow of argon was 5 sccm consistently and dimer was put at the location of which
temperature was about 50°C. The whole process finished until the system back to its base

pressure.

12
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Chapter 3 Results and Discussion

3.1 Carbonization process

There are two synthesized routes for carbon-based materials, bottom-up and top-
down, respectively. Chemical vapor deposition (CVD) and Plasma-enhanced CVD are
examples of bottom-up fabrication method of carbon materials. However, this method
usually contains the participation of metal catalyst, which may cause contamination or
decreased quality of graphene when graphene transfer process>!. Carbonization, which is
the process during pyrolysis of organic polymer into carbon, is one of top down methods.
For example, carbon microelectromechanical system (C-MEMS) has been a promising
technologies for biosensors and energy storage®’. Scientists in this research field have
demonstrated direct pyrolysis of patterned photoresist SU-8 microstructure into carbon
microsupercapacitors>>.

Generally, carbonization is the thermochemical decomposition of organic materials
in the absence of oxygen. As a result of carbon backbone of polymer, it always yields
some non-volatile carbon. Depending on the pyrolysis condition like ramping rate,
pressure, atmosphere gas and the type of polymer, the purity of carbon may vary.
Typically, the carbonization temperature is around 850°C. The carbon would start
graphitization if the temperature is higher than 2000°C. Graphitization makes amorphous

4 and

carbon have crystalline structure, resulting its increasing graphitization degree?
better thermal conductivity and electrical properties. However, it is inevitable to occur
shrinkage of morphology during carbonization process®’. In fact, the polymer-derived

carbon may come from two potential carbonization mechanisms, coking and charring,

respectively®. Figure 3.1 provides a visual illustration of the key distinction between

13
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coking and charring. Basically, coking refers to the polymer passing through a liquid or
semi-solid state at once during carbonization, trying to minimize surface energy. Charring
refers to the polymer structure (skeleton) remains rigid but existence of pores®’. Generally,
both of these two phenomena are results of volatile hydrocarbon gas accompanied with
carbonization process. In other words, there is a net mass loss from the organic material,
which leads to the shrinkage (coking) or porosity (charring). Consequently, we do the
following material characterizations and surface imaging techniques to comprehend what

happened to parylene during the carbonization process.

Mechanism A: Coking

4
. Shrinkage with smooth surface

during pyrolysis process

Mechanism B: Charring

Rigid skeleton with porosity

Figure 3.1 Illustration of coking and charring mechanism.

14
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3.1.1 Material characterizations

At the beginning, we did thermogravimetric analysis (TGA) to make sure the
carbonization process happened. Figure 3.2 was the thermogravimetric curve of parylene
C. As a result of hydrophobicity of parylene C, it was not obvious to see weight change
during 100°C to 200°C due to adsorption of water molecule on itself. It apparently showed
that weight of parylene C had a suddenly dramatic drop around 500°C, which was
consistent with the reference®. This environment temperature gave enough energy for
breaking C-H bonds*’, resulting weight loss in the form of hydrocarbon gas. To confirm
the pyrolysis process was finished, we elevated the heating temperature to 850°C and

keeping isothermal for an hour.

100

90
80

70

Weight(%)

60 -
50 -
40 -

30+

T T T T T T T T T
0 200 400 600 800 1000
Temperature (°C

Figure 3.2 Thermogravimetric curve of parylene C.
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Since carbon would exist in many forms of allotropes, it was significant to identify
chemical and physical properties of carbon. To characterize carbon-based materials,
Raman spectroscopy was a versatile analysis tool*°. In Figure 3.3, it showed the Raman
spectrum of parylene C before and after carbonization. It was distinctively to see the
change of characteristic peaks for parylene C during pyrolysis process. For example, the
C-Cl stretching (690 cm™) and C-H stretching vibrations (2800 ~3100 cm™) of aromatic
rings of parylene C*%42 43 were disappeared after pyrolysis process. Figure 3.3(b) was the
typical Raman spectrum of amorphous carbon** #°. In brief, G band (1580 ~ 1600 cm™)
originated with the in-plane bond stretching from sp? sites of carbon, and D band (1350
cm™?) represented the presence of disorder for perfect graphite and graphene**. One could
use the intensity ratio of D band and G band, Ip/lg, to express the level of disorder in

graphene*®.

(a) before carbonization (b) after carbonization

D
G

2930
3050

Intensity (a.u.)
690
Intensity (a.u.)

2860

W

T T T T T T T T
600 1300 2000 2700 3400 600 1300 2000 2700 3400

Raman shift (cm™) Raman shift (cm™)

Figure 3.3 Raman spectrum of parylene C (a) before carbonization and (b) after

carbonization.
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To investigate the variation of crystalline structure for parylene C during pyrolysis
process, we did X-ray diffraction (XRD) measurements. In Figure 3.4 (a), there was a
sharp peak at 2 @ =14°, which came from the semi-crystalline structure of parylene C*’.
After pyrolysis, this crystalline structure was destroyed, turning into an amorphous
material, which featured for its broad peak. Figure 3.4 (b) was the typical XRD result of

amorphous carbon, which was characterized for its broad peak at 2 § =24°. 48

(a) before carbonization (b) after carbonization
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Figure 3.4 XRD results of parylene C (a) before carbonization and (b) after carbonization.

The above material characterization indicated parylene C had been successfully
transformed into carbon. However, Raman spectroscopy and X-ray diffraction were
solely the evidence of successful carbonization on the basis of physical and chemical
properties. In the next section, we would do surface imaging to know whether the
morphology has changed or whether the structure has maintained its integrity during the

pyrolysis process.

17

doi:10.6342/NTU202301165



3.1.2 Morphology change

We have done surface imaging for two types of parylene sample, dense parylene film
coating and porous parylene, respectively. For dense film coating type of parylene, the
change of film thickness before and after carbonization was measured with AFM. Figure
3.5 showed the thickness of dense film coating decreased from 462 nm to 60 nm, which
was relevant to the literature*’. Thickness change could be corresponding to volume
change, and the decreased volume was furtherly due to the loss of mass during pyrolysis
process. Consequently, it could be a possible synthesis route to have multi-layer graphene
on substrates with curved structures and complex geometries. On the basis of excellent
control of ultra-thin film coating, it was probably achievable to have a few layers of

carbon atom left on the substrate by pyrolysis process.

(a) before carbonization

Scope Trace

(b) after carbonization

Scope Trace

Figure 3.5 Thickness of dense film coating parylene (a) before carbonization and (b) after

carbonization, measured with AFM.
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For porous parylene, we observed obvious shrinkage problem of porous structure
and macroscopic morphology change during pyrolysis process. Figure 3.6 (a) showed the
porous structure of parylene before carbonization by SEM. The scale of pore diameter
was about 10~50 um. The morphology of the pore structure was in a shape of bead-like,
which came from the vapor-phase polymerization and water vapor sublimation process.
Figure 3.6 (b) indicated polymer-derived carbon having a distinct morphology difference
between the original polymer porous structure. Compared with the original morphology,
it was apparent to see smooth surface and the diminished pores. The reason for
morphology change could be explained by the above introduced mechanism, coking. The
morphology could not be preserved due to glass transition temperature (T) far lower than
the heating temperature®. Parylene would flow like a semi-solid liquid because its T
point was only about 100°C. Figure 3.6 (b) was the evidence of going through rubbery
state for porous parylene, explaining the reason of oil-like surface. It was noted that the
samples in Figure 3.6 were prepared from pure water ice-template and the following CVD
process.

(a) before carbon_iza_ti»on’ ) i (b) after carbonization

e

Figure 3.6 SEM images for (a) porous parylene before carbonization and (b) porous

carbon from porous parylene after carbonization.
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So far, we have known what problems occurred during carbonization process. First,
from results of TGA and AFM, there was a mass loss of polymer due to release of volatile
hydrocarbon gas during heating process. This would result in coking or charring. Next,
we observed that parylene had gone through a rubbery state and the resultant oil-like
surface by SEM imaging, which were features of the coking mechanism. Since the aim
of'this research was to fabricate a hierarchical porous carbon material via temporal bubble
structure, we have also done 3D profile microscope imaging to examine whether the
foam-like pattern could preserve after pyrolysis process. In Figure 3.7, it was clear to see
all foam-like structures with ~100 um scale of pore diameters disappeared after
carbonization process. Similarly, it was due to the coking mechanism. It was noted that
the samples in Figure 3.7 were prepared from 0.1 wt% tween80 ice-template from bubble

blowing and the following CVD process. There was no addition of laponite yet.

(a) before carbonization (b) after carbonization

Figure 3.7 3D profile imaging of (a) porous parylene with foam structure before
carbonization and (b) porous carbon from porous parylene with foam structure after

carbonization. (addition of 0.1 wt% tween80)
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3.2 Structural integrity improvement

Concerning the shrinkage problem of polymer pattern, we used laponite RD® (BYK,
Germany) as an additive to provide stationary surface for flowing rubbery state of
polymer during carbonization process. Laponite RD is a kind of artificial lithium
magnesium silicate material. It is insoluble in water, but it can be well dispersive in
aqueous solution, forming a highly shear-thinning gel. Giving from this particular and
special property, it is common used in various application, such as emulsion, surface
coating, and dermatological protection®.

Samples in Figure 3.8 and Figure 3.9 were all prepared from solidified 1 wt%
laponite ice-template. In Figure 3.8 (@), there was a pore structure because of two
mechanisms. One was due to the competition process of vapor deposition and water
sublimation. The other one was due to freeze drying process, leaving solid phase (laponite)
as a structural framework®!. The latter have the major contribution to this layered pore
structure, giving that the morphology of porous parylene from pure ice-template was
bead-like, not sheet-like. On the basis of excellent conformality of parylene, we could
suppose that there was also a dense parylene film coating on the remained porous
framework of laponite derived from freeze-drying mechanism. Figure 3.8 (b) and Figure
3.9 indicated that the pore structure preserved after carbonization process, showing
improvement of structural integrity due to the laponite framework. Raman spectrum
verified a conformal carbon layer on the laponite framework due to the carbonization of
dense parylene film coating. Strictly speaking, there were still remained impurities in this
porous carbon structure, which came from laponite. However, it was still acceptable to
call it porous carbon if there was no side reaction or influence in the subsequent

application, such as electrochemical catalysis, energy storage, and gas adsorption.
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(a) before carbonization (b) after carbonization

Figure 3.8 SEM of cross-section view of (a) porous parylene before carbonization and (b)

porous carbon from porous parylene after carbonization. (addition of 1 wt% laponite)

Intensity (a.u.)
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Figure 3.9 Raman spectrum and SEM of top view of porous carbon from porous parylene

after carbonization. (addition of 1wt% laponite)
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3.3 Hierarchical porous structure

There are many researches focusing on the hierarchical porous carbon materials. By
harnessing the benefits of numerous active sites found in micropores and the faster mass
diffusion provided by mesopores, hierarchical porous carbon demonstrates improved
electrochemical performance due to its synergistic effect of different pore sizes. However,
most mature fabrication methods of hierarchical porous carbon are on the basis of
template-assisted method, which is typically limited to either micropores or mesopores.
When it comes to producing larger pore size up to hundreds of micrometers in scale, it
seems time-consuming and environmentally hazardous by utilizing chemical agents for
the removal of hard templates®. To overcome these challenges, this study presents a novel
approach to synthesize hierarchical macroporous carbon materials, allowing for the

tuning of pore sizes within the range of millimeters to centimeters.

3.3.1 Hierarchy structure

Figure 3.10 (a) illustrated the schematic representation of foam-like pore structure
fabrication process. It was from the CVD process of temporal foam-like ice-template,
followed by the carbonization process to get hierarchical porous carbon. Figure 3.10 (b)
showed the highly tunable characteristic of primary pore size (um scale to cm scale). The
cell window was from the original occupied space of air volume, forming the primary
pore structure with larger pore size. On the other hand, the strut underwent a freeze-drying
process, resulting in the formation of the secondary pore structure with smaller pore size
(~10um). To validate the hierarchical structure could also maintain, we did SEM surface
imaging for this porous parylene with foam structure after carbonization. Figure 3.10 (b)

indicated both macroscopic foam structure and microscopic foam structure maintained
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structural integrity. It was interesting to note that some bubble membrane at the cell
window got preserved during the CVD process, resulting in the partially-open cell
window. This structure might give rise in more complex and intricate controllability of
flow resistivity>®. After carbonization, the fully-open cell window foam structure and the
partially-open cell window foam structure were also captured. This morphological
difference offered an additional parameter to control the flow behavior in individual
sections due to the versatile tortuosity of interconnected pores. For instance, if the
quantities of fully-open cell window and partially-open cell window could be carefully
controlled, and these structures could be precisely positioned at desired locations with the
desired orientation, it might result in varying degrees of mass transportation efficiency.
This technique holds great promise for controlling flow behavior and could find practical

applications in drug release systems.
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Figure 3.10 (a) Schematic representation of the hierarchical foam-like porous carbon
structure. (b) Illustration of tunable primary pore size and structural integrity showed by

SEM images. (addition of 0.1 wt% tween80 and 2% wt% laponite)
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3.3.2 Tunable morphology of foam-like structure

Hierarchical porous carbon material features with high specific surface area and
efficient ion transportation. As a result, most fabrication methods were for micropores or
mesopores. There is limited available research focusing on larger pore sizes up to the
micrometer scales. It seems not an optimal choice starting from the hard-template method
to produce larger pore sizes because of extended removal time for large sizes of hard-
template particle. Differing from the encapsulation of solid materials using methods like
the hard-template approach or the encapsulation of liquids like non-sublimated oilP*, this
novel synthesis route offers a more convenient and easier way to fabricate porous
materials with large pore size, simply on the basis of encapsulation of “air” by bubble.
We have demonstrated the structural stability during heating process by addition of
laponite. Consequently, pore size and geometry shape of the porous carbon could be
controllable. Furthermore, the foam structure has versatile morphology. To emphasize
the characteristics of highly tunable morphology of this approach, we showed a sample
with interesting geometry and morphology as demonstration.

Figure 3.11 indicated a fractal structure, which was composed of main foam structure
outside with larger pore size and secondary foam structure inside with smaller pore size,
inside. The fractal-like structure could enhance its physical properties or tailored for
specific applications®. For example®®, filters with varying porosity in depth are more
effective at removing solute from a liquid than those with uniform porosity. This
demonstration shed light on the advantage of tunable morphology, leading to variations

in convection environments and fluid fields within the foam structure.
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Figure 3.11 Tunable morphology illustration by fractal foam structure. (addition of 0.1

wt% tween80 and 2% wt% laponite)
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3.3.3 Thermal insulation test

Aerogel is a promising candidate for thermal insulation application thanks for its
thermally super-insulating property >’. According to the literature, aerogel can have
thermal conductivity lower than that of still air>®, which makes it an important role in
energy conservation. For example, it can be the substitute for windows, preventing
additionally energy waste due to low-efficiency of the building envelope. Likewise,
carbon aerogel is also famous for its outstanding thermal insulation property and excellent
thermal stability, especially in ultrahigh-temperature environments®” . The total thermal
conductivity can be separated into three components: gas conductivity, solid network
conductivity and radiative conductivity. Given that the foam-like porous carbon structure
proposed by this study is also a kind of carbon aerogel, we design a straightforward but
interesting experiment to evaluate its thermal insulation performance.

The experiment setup is illustrated in Figure 3.12 (a). The ice cylinder has a volume
of 1 mL and a diameter of 16 mm. The ice cylinder would be immersed into liquid
nitrogen bath to make sure that the temperature of ice is 77 K. Each sample is in contact
with the 373 K hotplate for a duration of 10 minutes to reach steady state. After achieving
steady state, the ice cylinder would be set on the top surface of materials. The thermal
insulation performance of materials is measured with required time for the completely
melting of ice. The purpose of glass cap is to prevent the influence of force convection of
air. There are three reasons for designing this experiment setup: (1) The use of thermal
couples for measuring surface temperature poses challenges due to contact resistance
issues, Additionally, it can potentially damage the material’s structure, leading to
difficulties in reproducing thermal insulation tests for the same sample. (2) The hotplate

provides the stable heat flux to the material. To emphasize and highlight the significance
28

doi:10.6342/NTU202301165



of heat conduction through the material, the hotplate is set at a high temperature of 373
K. It would lower the contribution of heat flux from heat convection by air. (3) While not
directly measuring the thermal conductivity values of each sample, this experiment
indeed serves as a practical demonstration and application of thermal insulation.

Figure 3.12 (b) displayed the time required for melting of ice for the control, PDMS
and fractal bubble structure carbon. Each sample utilized a 1 mm-thick quartz slide as a
substrate, so the control sample consisted solely of the quartz slide itself. All samples had
a consistent thickness of 3 mm. We took pure polydimethylsiloxane (PDMS) as a
benchmark in the thermal insulation test due to its low thermal conductivity of only 0.16
W/mK®'. The superior thermal insulation performance of the foam-like porous carbon
compared to PDMS was evident, indicating the promising potential for thermal insulation
applications.

Figure 3.12 (c) indicated the comparison of time required for completely melting of
ice between foam-like porous structure and freeze-drying derived porous structure, with
the examination of the impact of carbonization process. The variance in insulation
performance between these two structures could be attributed to the increased convection-
related problems resulting from the presence of cell windows with larger pore sizes,
compared with pore sizes generated from the freeze-drying mechanism. Next, the time
for melting ice had a minor change because of the carbonization process. Dense parylene
film (with a thermal conductivity of k=0.084 W/mK) on the solid network changed into
amorphous carbon (with a thermal conductivity ranging from k=3~10 W/mK) ¢ after
carbonization process. This change in thermal conductivity could potentially account for

the minor change in the melting time.
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Figure 3.12 (a) Schematic illustration of thermal insulation experiment setup. (b) Time

required for completely melting of ice for the control, PDMS and fractal bubble structure

carbon. (¢) Comparison of time required for completely melting of ice between foam-like

porous structure and freeze-drying derived porous structure, with the examination of the

impact of carbonization process.
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Chapter 4 Conclusion

4.1 Conclusion

Raman spectrum and X-ray diffraction spectrum confirmed the successful
carbonization process of parylene. However, SEM images showed that there was a
dramatic morphology change because of the coking mechanism. The TGA curve
indicating the mass loss during pyrolysis process explained the change of film thickness
measured with AFM before and after carbonization. As a result, we used the laponite to
improve the structural integrity. Pore size and geometry shape of the porous carbon could
be controllable. Given that most mature fabrication methods of hierarchical porous carbon
were on the basis of template-assisted method, which was typically limited to either
micropores or mesopores. It seemed time-consuming and environmentally hazardous by
utilizing chemical agents for the removal of hard templates. As a result, we proposed a
novel fabrication process for producing materials with larger pore size. It was from the
CVD process of temporal foam-like ice-template. The cell window was from the original
occupied space of air volume, forming the primary pore structure with ~100 um pore size.
On the other hand, the strut underwent a freeze-drying process, resulting in the formation
of the secondary pore structure with ~10 um pore size. To emphasize the characteristics
of highly tunable morphology of this approach, we showed some samples with interesting
geometry shapes and morphology as demonstration. The pore size of the cell window
could reach sizes as large as centimeters. The fractal structure and the asymmetry
structure were presented to show varying geometries.

Given that the foam-like porous carbon structure proposed by this study is also a

kind of carbon aerogel, we designed a straightforward but interesting experiment to
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evaluate its thermal insulation performance. The superior thermal insulation performance
of the foam-like porous carbon compared to PDMS was evident, indicating the promising
potential for thermal insulation applications. The foam-like porous carbon would have
convection-related problems resulting from the presence of cell windows with larger pore
sizes. Besides, the carbonization of parylene into amorphous carbon accounted for the

minor change in the thermal insulation performance.

4.2 Future work

This foam-like porous carbon is hierarchically macroporous at different length scales.
As a result, it is not like conventional porous carbon having the feature of high specific
surface area. To reach the goal of high specific surface area, micropores or mesopores
have to be introduced into the material. Figure 4.1 reveals the BET surface area of pristine
laponite and laponite annealed at 850°C. Since laponite has mesopores, intuitively, the
first step is to use the etching agent to remove laponite to get the negative replica.
However, the mesopores of laponite vanished due to the high heating temperature. As a
result, there are two ways to achieve high specific surface area in the future work. The
first approach is selecting others suitable inorganic materials as the structure framework
while ensuring they maintain the intrinsic property of high specific surface area after
pyrolysis process. The second approach involves implementing an activation process on

the foam-like porous carbon to create micropores on its surface.
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Figure 4.1 BET surface area of pristine laponite and laponite annealed at 850°C.
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