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Abstract

Micro-scale energy storage devices have been developed for the demand of required energy
autonomy of the portable and small-scale electronics. One main drawback in realization of
micro-scale energy storage devices is limited areal capacitance due to low material loading per
unit area on the substrate. 3-D electrodes with high aspect ratio could be promising strategy to
overcome this, resulting in higher device performance. Specially, 3D printing technology offers
numerous advantages to generate 3D electrodes for energy storage devices, which includes
time-saving, cost-effective manufacturing, and realization of tailorable complex electrode
designs. In this thesis, novel hierarchical 3D designs were printed by photo-curable 3D printing.
Photo-curable resins with conductive fillers were optimized for conductive 3D electrode
formation. Finally, energy storage devices with the hierarchical 3D electrodes have been
demonstrated for the application of micro-supercapacitors (MSCs). The fabricated 3D
hierarchical electrodes demonstrated low electrical resistance to be used as feasible MSCs
electrodes. Energy storage from redox reactions was demonstrated in 3D architecture

electrodes designed with mechanically durable 3D octet trusses.
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Chapter 1

Introduction

1.1. Motivation

Miniature electronic storage devices have been rapidly developed for the demand of required
energy autonomy of the compact devices. As a candidate of energy/power sources, micro-
supercapacitors (MSCs) have been selected because of high-power density, high rate capability,
long charge/discharge cycles, and fast charge/discharge rates [2-4]. However, the limited
capacitance of MSCs, which lead to low energy density, has restricted practical use despite of
novel advantage of MSCs. For example, the energy density of supercapacitors has been
reported in the range of 0.1 ~ 10 Wh/kg, while lithium-ion battery shows the energy density as
10 ~ 800 Wh/kg as shown in Figure 1 [1]. Specially, conventional 2D planar MSCs have shown
limited areal capacitance due to low-volume loading of active materials per unit area. To
enhance electrochemical performance while keeping a low MSCs footprint, more active
materials need to be loaded per unit area of electrodes [5]. Therefore, 3D electrodes having a
high aspect ratio with porous architecture have been adapted to achieve higher electrochemical
performance. Several fabrication technologies have been introduced to develop 3D electrodes
such as graphene aerogel [6], MEMS [7] (and C-CMEMS [8]), and templated synthesis (self-
assembly method) [9]. However, these technologies have disadvantages such as high cost,
complex fabrication, time-consuming, and use of toxic materials for the etching process [7] or
removal of a template [9] after self-assembly.

As a novel fabrication method, 3D printing has been employed to fabricate 3D electrodes
[10-13] to overcome those disadvantages. The interdigitated micro-battery by direct ink writing
(DIW), where for the active materials, LisTisO4, (LTO) and LiFePO, (LFP), were reported as
anode and cathode materials, respectively [10]. Also, the graphene oxide based interdigitated
electrode by DIW was reported [11]. 3D interdigitated Ti6AI4V electrodes were introduced with
selective laser melting (SLM) [12]. Recently, the graphene-based polylactic acid filament
(graphene/PLA) electrode by fused deposition modeling (FDM) printing was also reported [13].

Recently, 3D printing for MSCs relatively offers not only facile, scalable, and fast fabrication but

1



also the freedom of designing a complex structure with a high aspect ratio for 3D electrodes.
However, among other 3D printing methods, digital light processing (DLP) printing has not been
explored much for the development of 3D electrodes, which have capability for higher resolution
and complex designs. It is demonstrated that highly complex 3D architectures with micro- to
mesoscales can be fabricated by DLP printing [14]. Moreover, it is suitable to generate porous
or hollow structures because DLP printing does not require supports in structures, as this photo-
curing takes place in a liquid resin [15,16]. This technique offers advantages including a
relatively low cost of the printer, compared with other 3D printers, a simple printing method,
cost-effectiveness and high throughput fabrication. It is because that the printing speed of DLP
relies on the height of the object to print in the Z axis, the size of the object in X-Y axis direction
does not affect printing speed. Also, multiple objects can be printed on the same bed
simultaneously without the need for additional printing time. With these benefits, DLP printing
proved to be a promising method to fabricate 3D electrodes. One of the main reasons why DLP
printing is not reported much for producing 3D electrodes is the limitation of material, which is
related to the mechanism of DLP printing. DLP printing utilizes UV light to cure liquid resin
consisting of a monomer, oligomer, and photo-initiator, and the irradiated pattern is polymerized,
which converts shorter chain (monomer) into longer cross-linked chain (polymer), forming a 3D
network by free radical polymerization. However, these resin materials are not usually
conductive, and the final products are nonconductive polymers. Therefore, conductive materials
for DLP printing have been required to print the electrodes. As an approach to develop a
conductive 3D structure, composite materials which have combination of resin and conductive
fillers have been introduced. Silver nitrate (AgNO3) with polyethylene glycol diacrylate (PEGDA)-
based composite resin [17] (500 KQ) and multiwall carbon nanotubes (MWCNTSs) with acrylic
resin (2.7 x 1072 S/m) [18] (4 x 10° S/m) [19] have been reported. Despite all these efforts,
these electrical resistances are too high, or the conductivities are too low to use as a 3D
electrode for supercapacitors. By solving these issues, DLP printing could be promising
technology to fabricate 3D electrodes with the advantages such as 1) increase active material
loading in unit area with minimum performance loss, 2) time-saving, cost-effective
manufacturing in ambient operation environment 3) realization of tailorable complex electrode
designs which can increase surface area or mechanical stability. 4) Adjustment of porosity by

3D design for electrolyte diffusion.
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1.2. Objective

The objectives of this thesis are designing and printing of 3D architecture electrodes for UV
curing-based 3D printing technology to fabricate energy storage devices. The detailed

objectives of this thesis are as follows.

+ Design and optimization of photo-curable conductive resin (PCCR) for a digital light
processing (DLP) based 3D printing method.

» Design of 3D Electrodes with a high surface area and mechanical durability.

* Characterization of 3D printed electrodes before and after pyrolysis.

» Fabrication of micro-supercapacitors and demonstration of their performance.

1.3. Contribution

1) Photo-curable conductive resins including acrylate with silver nanowire (AgNW) have
been developed and optimized to use it in DLP 3D printing. To optimize photo-curable
conductive resin, several parameters such as viscosity, the ratio of composition and light

absorption of fillers have been considered. The optimized resins were evaluated by
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confirming a printing quality of the complex model; octet unit cell.

2) As a novel approach, pyrolysis of DLP printed samples was performed. It was
discovered that electrical resistance was significantly enhanced with maintaining the
printed structures. Morphology and composition of pyrolyzed samples were analyzed to

study those phenomena.

3) High aspect ratio electrodes consisting of truss structures have been designed to
produce mechanically durable, high surface area 3D electrodes. 3D micro-
supercapacitors were fabricated with gel type electrolyte. The performance of micro-

supercapacitor was demonstrated and evaluated.

A journal paper has been published based on the research in this thesis:
S. Park, M. Kaur, D. Yun, and W. S. Kim*, “Hierarchically Designed Electron Paths in 3D Printed
Energy Storage Devices” Langmuir, 34, pp. 10897-10904 (2018).

1.4. Thesis organization

The organization of the thesis is as follows.

In Chapter 1, the motivation, objectives and contribution of this thesis are introduced. Chapter
2 introduces the literature review on recent development of various technologies to fabricate
supercapacitors. Justifications of 3D printed electrode, instead of 2D, are presented. Chapter 3
explains a design and optimization of photo-curable conductive resin to be used in photo-
curable 3D printer. The conductive resins consisting of a monomer, oligomer, photo-initiator,
photo-absorber, AgNWs were studied to optimize the printing quality. The printing quality was
evaluated by confirming printability of a highly complex model. In Chapter 4, design of 3D
electrode and pyrolysis process are explained. The interdigitated electrodes consisting of truss
unit cells are explained. The 3D printed electrodes are pyrolyzed and characterized. Chapter 5
demonstrates the micro-supercapacitor performance. Chapter 6 explains the conclusion and

future work of this research.



Chapter 2

Literature review

2.1. Principle of supercapacitor

2.1.1. Electric double layer capacitor (EDLC) & Pseudo-capacitor

The working mechanism of EDLC is storage of energy from the capacitance by electrostatic
charge accumulation at the interfaces of electrodes/electrolytes. This charge accumulation
comes from the separation of charges between the electrode and in electrolyte by ~6 to 10 A of
the electrical double layer, generating potential difference as show in Figure 2.1. Carbon-based
materials such as activated carbon, carbon nanotube, activated carbon fibers [21] and graphene
[22] have widely used for the electrode in the EDLC. However, carbon-based electrodes
operated by electric double layer capacitance have low theoretical capacitance. To develop
high-capacitance supercapacitors, pseudo-capacitors have been introduced, where capacitance
comes from faradaic redox reaction of pseudo-active materials such as RuO; [23], MnO, [24],
NiO [25], Co30,4 [26], and conducting polymers [27]. The pseudo-materials having a high
theoretical specific capacitance could enhance the performance of MSCs. For example,
ruthenium oxide based the pseudo-capacitor has been proved 1200 F/g [28] while the graphene
based EDLC demonstrated only 264 F/g [29].



Electrochemical
double-layer capacitance Pseudocapacitance

Figure 2.1. Schematic of charge storage via the process of either (a) electrochemical
double-layer capacitance or (b) pseudo-capacitance [20]. Reprinted with permission.

2.2. Development of micro-supercapacitor

2.2.1. Design of electrode

To enhance energy and power density of supercapacitors, the electrodes for MSCs need to fully
facilitate both ionic and electronic current with a high specific surface area. Figure 2.2. illustrates
electrode designs for MSCs. The conventional thick film electrode in Figure 2.2(a) depicts low
ionic and electronic current path, where electrode/electrolyte involves EDLC or faradaic reaction
only on the top surface. The bulk type electrode exhibit localized redox reaction on top of
electrode surface. Especially, in this case, long ion diffusions and electron pathways through the
active materials toward the current collector reduce efficiency of electrochemical reaction. Also,
the electrolyte cannot be fully wetted within electrodes, resulting in limited ion diffusion into
electrode materials. These inefficient and low surface area electrodes cannot achieve high
energy and power density. To overcome these problems 3D nanostructured materials have
been reported for MSCs electrode as shown in Figure 2.2(b). The numerous nanostructured
materials such as nanoparticles, hollow spheres [30], nanowires [31], nanotube [32],
nanosheets [33], nanoflowers [34] have been introduced. These 3D nanostructures materials
synthesized by chemical oxidation/reduction could be formulated with liquid binders to produce
a slurry. The slurry is coated on top of the current collector and dried to generate 3D

nanostructure. In these electrodes, the gap between each nanomaterial offers a space for
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electrolytes to be fully wet. The nanostructure having a high surface area could also increase
energy density of MSCs. However, the high electrical resistance at the interface of each
nanomaterial reduces the conductivity of the electrode system, resulting in low power output. As
an approach to increase electrical conductivity of electrodes, high conductive nanomaterials
have been used as an additive as depicted in Figure 2.2(c). The materials such as silver
nanowires and carbon nanotube in the electrode offer superior electron pathway, which
increase power density [35-37]. Although these electrodes with additives could have higher
power output, there are still limitations. The electronic charge carriers still need to go through
the interface of particles to be delivered to the current collector. These additional interfacial
resistances resulting in poor electron transport cannot deliver charge carriers effectively. To
avoid the interfacial resistance of nanostructure electrode, 3D structure by graphene sheets has
been introduced as shown in Figure 2.2(d). Staking of the chemically reduced graphene sheet
could form a randomly distributed 3D structure. The advantages of large-scale and low-cost
synthesis of 3D graphene sheet have enabled this method to be feasible in MSCs electrodes
[38-41]. However, the defects by impaired graphene in the chemical synthesis and fabrication
process couldn’t overcome the stability and conductivity limit. Moreover, in graphene stacking
method, aggregation and strong T~ interaction between each graphene sheet reduced the
specific surface area. Also, the interfacial resistance between each graphene sheet reduces the
conductivity of electrodes. To overcome this limitation, the researches on non-stacked 3D
graphene material have demonstrated that pore volume and specific surface area can be
significantly enhanced by unique 3D morphology of graphene [42]. However, the conductivity
was still limited due to the interfacial resistance between each 3D graphene nanostructure. As a
novel approach, 3D graphene structures by chemical vapor deposition (CVD) have been
introduced to overcome previous limitation [43,44]. Although 3D graphene electrodes by CVD
have proved high power/energy density in MSCs, the complex process, time consuming
process and difficulty on handling CVD need to be improved. This may arouse researchers’
interest in 3D interconnected monolithic structure with simple fabrication processes. The 3D
interconnected structure without interfacial resistance gives a superior electron pathway for
charge carriers. Also, the porous structure offers high surface area and enough space for
electrolyte diffusion. The 3D interconnected monolithic structure having a higher conductivity
such as silver can be used as current collector in Figure 2.2(e). To maximize electrochemical
performance of MSCs, material selection and structural design can be considered in this

electrode. The high conductive 3D interconnected structure with electrochemical deposition of
7



pseudo active material could be another strategy as shown in Figure 2.2(f).

Figure 2.2. Design of 2D to 3D electrodes on current collector: (a) Thick film, (b)
Nanostructured material, (c) nanostructured material + additive, (d) Graphene sheet with
active material, (e) 3D monolithic electrode, (f) 3D monolithic current collector with active

material.

2.2.2. 2D planar micro-supercapacitor

The 2D (planar) electrodes have been increasingly developed in past decades with numerous
fabrication methods. Figure 2.3 depicts various approaches for electrode fabrication by 2D
(planar) printing. Laser scribing technology is one of the promising methods in that it can
produce the electrode with advantages of low cost, simple fabrication process, scalable and
vacuum free. Figure 2.3(a) illustrates the fabrication of laser-scribed graphene-based MSCs. A
standard light scribe DVD drive is used as a laser source to reduce graphite oxide to graphene.
The produced graphene electrodes are mechanically durable, show high conductivity of 1.7 x 10
S/cm with the high specific surface area 1520 m?(g [45,46]. As another laser-induced
technology, direct laser writing on polyimide(Pl) sheets was demonstrated that it can produce
macro-nanoporous carbon [47]. This technology is combined with organometallic materials to
develop a sintered silver with high porosity as shown in Figure 2.3(b) [48]. Higher conductivity
and high surface area generated by laser sintering of organometallic materials can be an

adequate electrode for MSCs with simple and effective ways comparing to those MSCs reported
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previously. The materials are not limited in silver because various organometallic materials can
be synthesized and be used for direct laser writing. Ink jet printing is also well-known technology
to produce MSCs. Various materials have been introduced for ink jet printing such as
CNT/RuO2 [49], and graphene [50]. Printing multiple layers is also possible with ink jet printing
using graphene-based ink [51] in Figure 2.3(c) upper image. It is reported that it is possible to
print entire MSCs cell by ink jet printing as shown in Figure 2.3(c) lower image. First, Cellulose
nanofibers (CNF) are printed on A4 paper to enhance wettability of ink for following materials for
MSCs. SWNT/AC with silver nanowire are printed on CNF to form electrodes. Finally, the
electrolyte, with a photo-initiator is printed on the electrode and UV curing process is followed by
to produce solid-state electrolyte [52]. One main advantage of these 2D printed MSCs is that the
electrodes can be connected in series/parallel by computer design. This is important that the

combination of series and parallel electrodes can increase the cell voltage and capacitance.
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Reprinted with permission.
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2.2.3. Recent researches on 3D printed micro-supercapacitor

2.2.3.1. Extrusion printed 3D micro-supercapacitor

Extrusion printing (EP), or direct ink writing (DIW), is one of the most promising 3D printing
methods with numerous advantages such as flexibility of material selection, low cost, simple
printing process without post process. The flexibility of material selection on MSCs electrodes
could be more emphasized because various materials having high surface area such as CNT,
graphene and pseudo material also can be used. One prerequisite of the EP material is
rheology study. The viscosity of EP material needs to be decreased as increasing shear rate,
indicating shear thinning behavior. The applied force by extrusion reduces the viscosity of
material and materials return to original state when it comes out from the nozzle. This is
important that increase of viscosity can make the printed structure maintain. This can be more
explained by shear elastic modulus and loss modulus as a function of shear stress. At lower
shear stress, plateau shear elastic modulus (G') that is higher than its viscous modulus (G").
This explains that materials can sustain its shapes and their wetting/spreading effects are minor.
Moreover, at higher shear stress. shear elastic modulus (G') is slightly smaller than loss
modulus (G") which means when the stress is applied to material in extrusion nozzle during 3D
printing, materials flow and spread out easily by exceeding the shear yield. And, when material
is exposed to ambient air through the nozzle, at low shear stress, materials quickly stiffen as it
returns to a quiescent state. The extrusion 3D printed MSCs are described in Figure 2.4. One of
the popular materials for EP is graphene, which has demonstrated high electrochemical
performance. By adopting these materials with 3D printing (EP), it shows synergy effect
because of both the advantage of 3D printing and electrochemical performance of graphene
materials. The related research with this is described on Figure 2.4(a) [53]. The inks consisting
of graphene oxide (GO) with DI water are printed on current collectors of Cr/Au deposited on
polyimide film. After 3D printing, structures were freeze-dried for 12 h at the temperature from -
50 °C to 20 °C. The result reveals that the printed electrode at different freeze-dry temperature
shows difference in porosity and conductivity, resulting in different capacitance. Finally, the
freeze-dry electrodes with high porosity were reduced with hydrazine hydrate in a vacuum
desiccator at 90 °C for 3 h and vacuum dried at 100 °C for 3 h 50 to form a graphene structure.
A disadvantage of this printing method is that it is performed in quite toxic environment by using

hydrazine hydrate. The whole process is time-consuming and complex steps to generate final

11



graphene electrodes. Similar ways, carbon nanotube by EP is reported [54,55]. Dispersant
agent, IPA, EG, CNT power (8 wt%) were prepared and printed by air-powered dispenser. The
printed interdigitated electrodes were dried at 120 °C to remove the solvent overnight in a
vacuum oven. Carbon nanotubes (CNTs) having high electrical conductivity and a high specific
surface area with EP are a candidate of MSCs electrodes in Figure 2.4(b). A literature reported
graphene/PANI materials with EP [56] in Figure 2.4(c). PANI (Polyaniline) is a conductive
polymer used as pseudo materials for the pseudo-capacitor. The combination of graphene and
PANI materials have been demonstrated high specific capacitance of 1341 F/g at 0.5 A/g by
exhibiting high conductivity, high specific surface area and highly active electrochemically
reaction of PANI. The EP with this graphene/PANI also demonstrated 1329 mF/cm? of high
areal capacitance by having the high aspect ratio. The EP based 3D printing is usually possible
to print only the electrodes. However, not only electrodes but also electrolytes can be printed
with EP as shown in Figure 2.4(d) [57]. Vanadium pentoxide (V,0s5) with GO and graphene—
vanadium nitride quantum dots (G-VNQDs) with GO were printed to fabricate asymmetric
MSCs. The electrolyte, LiCl with polyvinyl alcohol (PVA), was also printed to fabricate quash-
solid type MSCs.
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Although extrusion printing has widely used to produce 3D electrode, there is a critical limitation;
clogging issue. The solid contents in solvents clog in nozzle as time goes, resulting in
interrupting constant flow of the materials. As an advanced EP technology, Aerosol jet printing
(AJP) could be appropriate to improve this issue. In AJP, functional inks are aerosolized and
flow with carrier gases. The mechanism of producing aerosol is classified into pneumatic and
ultrasonic. The aerosol materials are directly printed through a nozzle by a coaxial sheath gas
flow [58,59]. Recently, it is demonstrated that AJP have printed high resolution (20 ym) 3D
architecture with ability to control porosity in the architecture [60]. With this printing method, 3D
electrodes for micro-battery have been successfully fabricated in Figure 2.4(e) [61]. The
conductive 3D hierarchical structures also could be applied in MSCs electrodes. The high
surface area from hierarchical structure increases the capacitance of MSCs by having higher
EDLC and vigorous electrochemical reaction. The high conductivity can also transport the

electrons effectively.
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2.2.3.2. FDM// Electro spun printed 3D micro-supercapacitor

Fused deposition modelling (FDM) is another well-known 3D printing system. A research group
has reported sandwich type supercapacitor by FDM printing [62] in Figure 2.5(a). The filament
composed of 8 wt% graphene and with 92 wt% PLA were successfully printed and used as coin
type electrode. The fabricated supercapacitors with solid type electrolyte have proved capacitive
behavior of 10.46 yF at10 uA. Although the printed electrodes are a simple shape of disks in
this paper, it is capable to print more complex structure or interdigitated electrode by FDM. Also,
the filaments can be produced with different material combination. It means that other active
materials for MSCs can be applied. However, there will be a threshold to increase solid contents
in the thermoplastic matrix as the high contents of solid filler make filaments brittle, which have
difficulty to produce filaments. The brittle filaments also influence on filaments feeding process,
where the constant feeding cannot be performed, resulting in low printing quality. Also,
thermoplastic based materials may be melted at high temperature above 200 °C. This restricts
MSCs operation in high temperature.

It could be controversial to consider electro-spinning-based printing as a 3D printing.
Nevertheless, it could be categorized in 3D printing in futuristic aspect. The reported articles
have demonstrated 3D lattice structures by electro spinning printing [63-66]. The line width can
be controlled by spinneret diameter, voltage, collector distance and temperature. The line width
can be reduced up to 817 + 165 nm in Figure 2.5(b). Based on this, another paper
demonstrated electro spinning printed supercapacitor with 5um width grid pattern with 50 layers
[67] in Figure 2.5(c). The 3D grid patterns serve as scaffold for active material. CNT ink was
deposited on the grid scaffold by simple dip coating process. The printed line width can be
controlled by the motion speed and applied voltage. In this paper, grid patterns are printed by
moving the substrate instead of moving a nozzle. However, it will be possible for the nozzle to
move into X, Y, Z direction as the conventional EP prints. More importantly, the electro spinning
process with the extrusion-based process can print ultra-high resolution. The surface area of
electrodes can be increased with the electrodes consisting of 1D fiber materials. However, the
materials are limited in polymer and conductive materials for this printing are not investigated
much. The printability of the pseudo materials, or electrically conductive materials needed to be

more studied to achieve higher capacitance and to be feasible electrodes in MSCs.
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Figure 2.5. FDM, Electro spun printed 3D MSCs: (a) FDM printing with graphene + PLA
[62], (b) Electro spinning printed 3D structure [63] and (c) 3D electrode [66].
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2.2.3.3. Binder Jet Printed, Laser Processed 3D micro-supercapacitor

BIlJ printing is a 3D printing technique where precursor materials are used in a dry form
consisting of nano to macro size particles. The patterns can form with a binder which serves as
‘glue’ making the powder stick together and generates a layer. This builds a 3D structure by a
successive process of feeding a powder layer and applying binders with designed 2D design. A
group fabricated supercapacitor electrode by BIJ [68] as shown in Figure 2.6(a). First, the
synthesized graphene oxide (GO) was treated by the process of thermal expansion and
reduction to produce thermally reduced graphene oxide sheets. The binder consisting of
consists of >90 % water, 8 % glycerol and 2 % other humectants were used to print the
electrodes. Palladium nanoparticles, <9 wt% were infiltrated into BIJ printed electrode to reduce
the contact resistance of the graphene powers. Specific capacitance was achieved up to ~260 F
/g and ~700 mF /cm?, respectively at 5 mV/s in 1 M H,SO, electrolyte. The cycling test results
indicate that the capacitance can be retained 80 % over 1000 cycles. Figure 2.6(b) depicts
fabrication process of SLM printed electrodes for MSCs. SLM printing, A laser melts metallic
powder selectively and to form a 2D to 3D structure [69], has been used to build interdigitated
3D electrodes for MSCs [70]. Titanium alloy using TisAl,V powder was printed by SLM.
Polypyrrole, conductive polymer or/and pseudo material, was coated on the printed electrodes
by electrodeposition method to enhance electrochemical performance. The electrochemical
characterization of fabricated supercapacitor with PVA-H;PO, electrolyte reveals that the areal
capacitance was 0.057 F /cm? at a scan rate of 20 mV/s and 90 %, 78 % capacitance retention
at 500, 1000 cycles respectively. Another group has successfully demonstrated a
supercapacitor composed of PANI deposited Fe-Ni alloy electrode and Na2SO4 as an

electrolyte with SLM printing [71].
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Chapter 3
Design and Optimization of photo-curable conductive

resin

3.1. Objective and Plan

The objectives on design and optimization of photo-curable conductive resin are to develop
suitable materials for DLP printing. First, the photo-curable resin for DLP printing is designed to
be solidified quickly and having high electrical conductivity. Second, the photo-curable

conductive resin is optimized by considering the viscosity and photo-absorbing effect.

3.2. 3D printing process
DLP 3D printing technology means 3D printing by Digital light processing with stereo lithography

technology. The UV light (about 400nm wavelength) from projector cures resin materials layer
by layer made up with oligomer, monomer and photo-initiator. A platform, where printed object

appear, moves up side every a few seconds to cure next layer from liquid resin to rigid polymer
(Figure 3.1). In this thesis, A DLP printer (Prodet 1200) from 3D Systems has been used for all

the printing experiments as shown in Figure 3.2. The cartridge in which the resin material is
loaded is in Appendix A. The reported resolution of the 3D printer is 585 x 585 dpi (56 ym) and
each layer height is 30 ym using a LED projector at 405 nm wavelength [72]. The test result of
resolution experiment in X, Y axis is also available in Appendix B. The 3D structures were
printed by the DLP printer and rinsed by isopropyl alcohol to remove unreacted resin residues
and dried in the air overnight. The post curing process was conducted with a built-in UV lamp
(Osram Dulux L BL UVA 18W/78 2G11) inside the DLP printer, a wavelength of about 400 nm,
and an irradiance of 1350 pw/cm? to increase the polymerization conversion rate and to
terminate polymerization of activated resin, which results in improved mechanical properties
[73].
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3.3. Composition of photo-curable resin

Photo-curing is a polymerization process from liquid resin to solid material under the light at
certain range of wavelengths. The photo-curable resins usually contain four major components:

monomer, oligomer, photo-initiator and photo-absorber.

3.3.1. Monomer
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Figure 3.3. Chemical structure of methacrylic acid
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Figure 3.4. UV-VIS spectra of MA

Monomers are low organic molecules that can be a basic unit of a polymer. Monomers can form
chemical bonds with another monomer and finally become a polymer. When only one type of
monomer is used, the polymer is called homopolymer and when two types of monomer are

used, it is called copolymer [74]. Also, usually, as the viscosity of monomers is low, it can be
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used to optimize the viscosity of photo-curable resin. In my work, Methacrylic acid (MA),
depicted in Figure 3.3, is used as a monomer. UV-Vis spectroscopy test was performed to
analyze light absorbance of MA materials. This determines the absorption of the samples at the
range of wavelengths. The wavelength was set from 300 to 800 nm (X axis). The absorbance in
Y axis measures how much light does not pass through the materials. In Figure 3.4, Around 400
nm wavelength, which is the same range in DLP light source for polymerization, there is no light
absorbance. It indicates the light at the 400nm wavelength can pass through MA material and

deliver the light source into the resin effectively.

3.3.2. Oligomer

Oligomers are more complex molecules than monomer. It consists of a few monomers. When
the oligomers are composed of two, three and four monomers, it is called dimers, trimers and
tetramers, respectively [75]. In my work, aliphatic urethane tri-acrylate as shown in Figure 3.5 is

used as an oligomer.
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Figure 3.5. Chemical structure of UTA
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3.3.3. Photo-initiator
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Figure 3.7. UV-VIS spectra of Irgacure 3w% in MA

Photo-initiators are components to trigger photo-curing. It absorbs lights and thereby undergoes
fragmentation of bond and generates free radicals, which are the species of initiating
polymerization. It is important to select appropriate photo-initiators for specific applications as
they have different light absorption range. For example, UV curable resin contains photo-initiator
which can absorb UV light (250nm~400nm). In this experiment, Irgacure 819; Bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide is used as photo-initiator. The chemical structure of
Irgacure 819 is in Figure 3.6. The UV-VIS spectra in Figure 3.7 demonstrates the light
absorption in the wavelength range of < 450nm. This is important that the 3D printing light
source (DLP projector) has 400nm wavelength, which corresponds to the photo-initiator

absorbance wavelength.
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3.3.4. Light induced polymerization

Photo-curable resins consist of monomers, oligomers and photo-initiators. When lights were
iluminated, free radicals are generated in photo-initiator. In an initiation step, the radicals react
with the double bonds (-C=C-) of the monomer, oligomer [76] resulting in radical formation in
monomers and oligomers. In the propagation step, the radicals in oligomers and monomers
react with additional oligomers and monomers, resulting in new radical’s formation in another
monomer/oligomer. This process propagates, generating a longer chain. Finally, the
propagation stops once all radicals are used in the reaction. This is called termination. The three
steps finally make a high molecular cross-linked 3D network. As this highly cross-linked
molecular has rigid property, it shows solid structures. In the 3D printing system, the resin in the
vat is polymerized layer by layer by this mechanism. The 2-dimensional images, which are the
light source by the projector, are illuminated in the resin successively. The accumulated 2D

layers finally produce a 3D object.

3.3.5. Photo-absorber
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Figure 3.8. Chemical structure of Sudan |
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Figure 3.9. UV-VIS spectra of Sudan | (solid line) [77]. Reprinted with permission.

Photo-absorber, Sudan | (Figure3.8), is used in these experiments to enhance the printing
quality in terms of resolution and roughness. Photo-absorbers absorb the light in certain range
of wavelengths and dissipate the absorbed energy into heat [78]. This limits the curing depth
accordingly and increase the threshold of light flux required [79]. In this process, light absorption
in photo-absorber can inhibit the light absorption in photo-initiator. In this reason, photo-
absorber is sometimes called photo-inhibitor. The main advantage of photo-absorber is that it
can enhance the resolution and roughness by preventing from over curing of resin and by
adjusting curing depth [80]. Additionally, as the photo-absorbers absorb unwanted light before
or after printing process, the stability of the photo-curable resin could be increase, resulting in
longer material preservation. Sudan | is selected in this experiment because it has strong light
absorption in LED range (>400nm) as shown in Figure 3.9 so that the photo-initiator we choose

can be only sensitive below 400nm.
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3.4. Printing quality on different ratio of the resin composition

Table 3.1 demonstrates printing resolution with respect to different parameters. The ratio of
oligomer and monomer (O:M), printable strut (Figure 3.10) width, concentration of photo-
absorber and curing time (5.5s, 8.5s) are considered. A complex truss structure, octet, is
selected to study the printing resolution. The samples are printed by DLP and washed by
isopropyl alcohol (IPA) for 2 min, followed by post curing process for 15 min to print high
contrast and well-defined structures. In the preparation of the DLP printable resin, the viscosity
of the composite resin is an important parameter. It is easier to wash out unreacted resin when
we use low viscosity materials. More importantly, if the viscosity is too high, the resin cannot fill
in between the printed layer and the bottom of the cartridge in time, making an empty space as
shown in Figure 3.11. The percentage of monomer needs to increase so that the prepared resin
has a low viscosity. Viscosity of oligomer and monomer is 35000 mPa.s and 1.54 mPa.s
respectively. The ratio between oligomer and monomer (O:M) was set as 2:8 3.7, 4:6, and 5:5.
The results explain that, overall, the structures with Sudan | have higher resolution than the
structures without Sudan |. Specially, the samples with 0.05% of Sudan | (Table 3.1j,k,l) show
that the core of the structures is fully defined without over curing. The effect of O:M ratio without
sudan | in Table 3.1a,d,e doesn’t show significant difference although higher oligomer contents,
5:5 (Table 3.1e), results in somewhat lower resolution. This is because that higher functionality
in oligomer accelerates the curing reaction [81]. In detail, the resins containing higher
percentage of the oligomers, which have higher functionally, results in over curing in a same
curing time. Printing was not successful with 2:8 ratio of O:M due to insufficient polymerization
due to lower contents of oligomer. The printing with 3:7 ratio with Sudan | was not successful
both 0.02 and 0.05 % of Sudan | by insufficient polymerization due to too much light absorbing
effect of Sudan I. To study minimum printable strut size, 300um, 400pm and 500 ym were set.
The results show that the minimum strut size of the complex structure in this experiment is
around 400um. The structures with 300um strut size were not successfully printed (Table
3.1b,f). Moreover, the 300um strut samples are degraded easily during cleaning processes in
IPA. In the Table 3.1h and i, short curing time (5.5s) produces a higher resolution showing more
defined structure than that of 8.5s curing time at 0.02 Sudan | %. However, at higher Sudan |
(0.05%), 5.5s curing time produces a structure with some defects as shown in Table 3.1k in

circle while structure printed by 8.5s curing shows perfect structure without any defects. This is
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because that at higher Sudan | concentration, 5.5s curing time is not enough for resin
polymerization due to the photo-absorbing effect of Sudan I. The 5:5 resin with Sudan | was not
tested because we initially designed low viscosity materials for DLP printing. In conclusion, the
optimized resin condition by DLP printing is at 4:6(O:M) with 0.05% Sudan | and 8.5 s curing

time.
O'M 3:7 4:6 5:5
500um 300pm 400pm 500um 500um
Sudan % 8.5s 8.5s 8.55 5.55 8.5s 8.5s
0%
0.02%
0.05%

Figure 3.10. photograph of octet structure showing 500pm strut width
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Figure 3.11. Schematics of resin flow during DLP printing

3.5. Mechanical testing

Although adding Sudan |, photo-absorber, to resin can enhance printing resolution, the
mechanical property of DLP printed octet structures could be different. To study Sudan | effect
on mechanical property, compress test was performed. Octet structures in a dimension of 1.5
cm x 1.5cm x 1.5 cm with 500pm in strut width were printed by using the photo curable resin
(PCR) without Sudan with Sudan |I. Compress test under 2mm/min compress speed was
conducted by mechanical testing machine, EZ-LS long-stroke model, from SHIMADZU. The
graph in Figure 3.12 illustrates that PCR has high higher ultimate tensile strength than that of
PCR with Sudan I. It can be explained that Sudan | in PCR absorbs the light and the resins are
partially polymerized, resulting in lower ultimate tensile strength. Interestingly, PCR with Sudan |
show four different peaks as the strain increase. These peaks could correspond to the number
of octet unit cell in Z direction. Numerous noises in the graph of PCR with Sudan | explain that
the struts in the octet structure are collapsing. Unlike PCR with Sudan, octet printed with PCR
shows more catastrophic failure at once, showing a peak around 0.13 strain. The stress is well
distributed into the structures under compress load. Once it exceeds the yield point, it collapses

entirely at around 0.15 strain.
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3.6. Design of photo-curable conductive resin

The photo-curable resin and polymerized resin by DLP are not conductive. To achieve high
conductivity to fabricate 3D electrode, AgNWs are selected as conductive filler to make photo-
curable conductive resin. In the light induced polymerization process, high contents of additives
in the photo-curable resin could reduce the polymerization due to light absorption [82]. This
needs to be more considered when black pigments are used because it absorbs the light in all
the range of wavelengths. In this reason, AgNWs are appropriate material as it has low
percolation threshold; it has high conductivity in composite at low concentration of AgNWs. It is
demonstrated that AgNWs/polystyrene nano-composites have a percolation threshold at
2.3vol% of silver, showing 10-3 Q-cm [83]. It is also introduced that AgNWs in carboxymethyl
cellulose (CMC)-matrix have proved a percolation threshold in at 0.29 vol. with an electrical
resistivity around 10-3 Q-cm by high aspect ratio of AQNWs [84]. Low concentration of AQNWs
in composites is more important in DLP system as the light for polymerization needs to be
delivered to the photo-curable resin. In this experiment, AQNWs were synthesized by a large-
scale polyol method with dimensions of AQNW as 50 nm in diameter and 10 ym in length,
respectively [85]. The photographs of the synthesis images and optical microscope image of
AgNWs as synthesized are in Appendix C.
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3.6.1. Viscosity optimization

In the preparation of the 3D printable resin, the viscosity of the composite resin is an important
parameter. If the viscosity is too high, the resin cannot fill in between the printed layer and the
bottom of the cartridge in time, making an empty space. This phenomenon causes missed
layers or entire printing failure while the object is printing. However, if the viscosity is too low,
AgNW fillers could be segmented during printing, which induce a gradient concentration of
AgNWs inside of the resin, due to the gravitational force against the buoyancy of resin and
friction force [86]. To calculate the velocity of segmentation of silver fillers, Stokes law can be

used, which is defined as follows: eq1

_ 2
p = 2Pc=Pdcg (1)
on

where p. is the density of the particle, p is the resin density, d.. is the particle diameter, ) is the

solution viscosity, and g is the gravitational acceleration. However, as Stokes law can analyze
segmentation of “spherical particles”, only silver nanoparticles, as a minor product during
AgNWs synthesis, are applicable with this equation. On the other hand, segmentation velocity of
AgNWs can be different from that of spherical particles due to the high aspect ratio of AQNWs
which have anisotropic behavior in resins. Another model for the calculation of segmentation

velocity of nanowires is reported below: eq2 [87]

[In(22)-081]

2y ul

vs =g X (pp —p)V (2)

where g is the gravitational acceleration constant, pp and p are the densities of nanowire and

fluid, respectively, Y is the drag correction factor, V is the volume of the NW, d is the diameter of
the NW, | is the length of the NW, and p is the viscosity of the solution. In both eqs 1 and 2, the
viscosity is inversely proportional to the segmentation velocity of the NWs. In other words, high
viscosity materials can impede the segmentation of NWs during the printing process. For this

reason, the photo-curable resin was designed to have relatively high viscosity: 1300 mPa-s of

viscosity at 25 °C. Monomer (35 wt %), oligomer (65 wt %) and initiator (3 wt % of the resin) are
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formulated to make this viscosity. Although this viscosity is much higher than that of

conventional resin with poly(ethylene glycol) diacrylate (PEDGA) for DLP printing (~100 mPa-s)

[88], the printed 3D architecture with the developed resin did not affect its printing quality, and

there is no noticeable sedimentation of AGQNWs in the resin while printing.

3.6.2. Light absorbing sensitivity

Another important component for better printing quality, especially for a 3D-complex structure, is
the photo-absorber, which is widely used in DLP printing to adjust curing depth and width by
inhibiting polymerization accordingly and resulting in printing detailed features [89,90]. However,
without a photo-absorber, the printed micro-truss structure (octet unit-cell 4 x 4 x 4) made with
the designed photo-curable conductive resin showed well-defined structure (Figure 3.13) as
designed by 3D modeling. It is attributed to the light-scattering or absorbing effect [91] of
AgNWSs serving as photo-absorber to prevent over curing of octet structure. Similarly, as a
supporting reference, TiO, nanoparticle-based photo-curable composite having a high refractive
index has been introduced to adjust Z-axis resolution and the surface details [92]. A similar
phenomenon with silver nanoparticle-decorated Pb(Zr,Ti)O; micro-particles has also been

reported [93]. This can be explained in detail by Jacob’s equation (eq3) [94] as shown below:

_ E __ 2dgong?
Ca = Dpln (Ec) Dp = 3Q4n? (3)

where Cd is the curing depth, Dp is the resin sensitivity, E is the energy density of incident light,

Ec is the critical energy density, ds, is the average particle size, Q is the particle loading, n0 is

the refractive index of resin, and An is the refractive index difference between the particle and

the resin. From this equation, curing depth can be decided by the particle size, the refractive
index of the particle, and resin. In other words, use of particles having the high refractive index
and small size in the composite decreases curing depth. Also, it has been reported that
nanowires can enhance printing quality of the object by physical interaction with the resin
[95,96]. The concentration of AQNW was decided as 1.9 vol % initially based on previous
research in our research group [97,98], which demonstrated high conductivity. However, 3D

printing process of DLP with 1.9 vol % (15.5 wt %) of AQNW was not successful, with numerous
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defects in printed structures due to insufficiency of polymerization caused by light absorption of
AgNWSs. Therefore, the concentration of AgNW in resin was optimized as 13 wt % by
considering the printability of DLP printer, which demonstrated well-defined structures in Figure
3.13(C), (D) by controlling sensitivity of the polymerization of the composite resin resulting from
light absorption, scattering, and refractive properties of AQNWs while the resin without AQNWs
in Figure 3.13(A), (B) showed over-cured and undefined structure in the core part.

Figure 3.13. Photographs of DLP printed octet with/without AGQNWs
(A), (B) without AgNWs, (C), (D) with AgNWs
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Chapter 4
Design of 3D Electrode

4.1. Interdigitated electrode consisting of truss structure

The electrodes are specifically designed using cellular structures, which allow the material to
have superior mechanical properties at low weight and to have high specific surface area. One
of the well-known stretching-dominant structures is the octet in Figure 4.1, whose elastic
modulus and strength change linearly with relative density, making it stiffer than bending-
dominated structures such as foam [99]. Many natural biological materials such as wood, bone,
cork, plant stems, etc., demonstrate exceptional resilience and robustness which are drawn
from their intricate mechanical network with many levels of hierarchy [100]. Even at smaller
scales, it has been shown that introducing hierarchy into the architecture of 3D cellular
structures. We can attain a unique combination of properties including low weight and linear
scaling of strength and stiffness with density [101]. Therefore, adding hierarchy into the octet
structures can be very advantageous for our experiment where we use pyrolysis to generate 3D
electrodes. It is important to select mechanically durable structure because there is large stress
applied during pyrolysis, resulting in structural collapse. Especially, as the printed electrodes are
pyrolyzed in the presence of oxygen, decomposition of materials happens more vigorously,

which causes collapse in the structure during pyrolysis.
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Figure 4.1. 3D model of octet structure 4x4x4 (total 64-unit cells)

The specific surface area is an important element to increase performance of MSCs. By
designing 3D electrode with octet structures, the specific surface area increases. Table 1 shows
the surface area analysis of four different unit cell structures. The double gyroid structure, octet-
thick (strut size:480 ym) and Octet-thin (strut size:300 ym) have five, six and nine times more

specific surface area than that of solid.

Solid Octet-thick Octet-thin Double
(480pm) (300pm) gyroid
(480pm)
Vol (mm?) 13.82 3.32 1.85 2.52
Weight (g) 0.01686 0.00405 0.0022 0.003
Surface Area 34.56- 43.1 34.55 24,94
(mm?) *5.76=28.8
*Basal plane
Specific 1708.2 10642 15287.6 8313.3
Surface Area
(mm? g)

Table 4.1. Surface area analysis of unit cell of electrode

(Solid vs Octet-thick vs Octet-thin vs Double gyroid)
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Initially, interdigitated electrodes consisting of double gyroid structures have been designed and
printed to have high specific surface area as shown in Figure 4.2 A and B. However, the
electrodes using double gyroid showed numerous defects, collapse and distortion in the

structure after pyrolysis. (The pyrolysis process will be more explained in chapter 4.2.).

Figure 4.2. (A): 3D modeling of IDE-double gyroid with different aspect ratio (3 mm, 6 rhm,
and 12 mm from left), (B): IDE-double gyroid as printed, (C): IDE-double gyroid after
pyrolysis at 430 °C.

Another 3D architecture, Octet, has been selected by considering its higher relative elastic
stiffness and shear modulus [99,102,103], which can resist plastic deformation of structure,
contributing to maintaining rigid structure during pyrolysis [104]. The mechanical properties

associated with the structural shapes have been reported [105].

(d) (e) )

L (L] 1

1mm 1mm 1mm

Figure 4.3. Comparison of different structures before and after pyrolysis; (a), (d): triangle,

(b), (e): quadrangle, (e), (f): hexagon. Reprinted with permission [105].
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Figure 4.3 shows comparison of different structure before (a, b, c) and after (d, e, f) pyrolysis.
This reveals that triangle shape (d) can maintain original shape after pyrolysis while the
quadrangle (e) and hexagon (f) show large deformation or distortion after pyrolysis. This is
because that the triangle supports have a significantly higher elastic stiffness and shear
modulus than quadrangle and hexagon [105]. In these reasons, octet structure; rigid assemblies
of octahedron and tetrahedron unit cells consisting of triangles could be an appropriate
candidate for the 3D electrode to maintain the structure after pyrolysis.

To study the durability of octet structures after pyrolysis, three structures were designed to
have different surface areas: (1) solid, (2) octet-thick, and (3) octet-thin to fabricate MSCs, as
shown in Figure 4.4(A-C). The total number of octet unit cell is 144 in both octet-thick and thick.
The specific surface area (per gram) of each sample is: (1) Solid = 829 mm?/g, (2) octet-thick =
10642 mm?/g, (3) octet-thin = 15287.6 mm?/g based on computational 3D models. The specific

surface area is only considered in electrode fingers.

Figure 4.4. (A-C) 3D model images of interdigitated electrodes (IDEs). (A): IDE-solid with
a different aspect ratio (3 mm, 6 mm, and 12 mm from left), (B): IDE-octet with thick (480

pum) strut size, (C): IDE-octet with thin (300 um) strut size. (Inset: a unit cell of the octet,

scale bar: 500 um).

By adding octet unit cells into IDE, instead of double gyroid, the structures can be survived
without defects or collapses of the structure after pyrolysis 430 °C. Figure 4.5 illustrates
photographs of the 3D printed IDEs before and after pyrolysis. It is observed that there are
significant dimensional changes after pyrolysis: 40% size reduction and 88% weight loss.
Interestingly, IDE-thick and IDE-thin remarkably showed light gray color, maintaining its
structure even after pyrolysis in oxygen condition while the structure of IDE-solid collapsed
partially and numerous cracks were observed. This structural stability of IDE-thick and IDE-thin

after pyrolysis accounts for the superior mechanical properties of octet micro-trusses with
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stretching-dominant behavior. Moreover, in case of the periodic cellular structure in IDE-thick
and -thin, the flawless connectivity and continuity from 3D design and 3D printing allow the

stress applied to be transferred and distributed to each unit cell during pyrolysis process.

Figure 4.5. Photographs of 3D printed IDE based on 3D modeling as printed (A, B, C),
after pyrolysis 430 °C (D, E, F). (Inset: digital microscope image of the printed electrode,

scale bar: 500 um).

4.2. Pyrolysis of designed structure

The electrical resistance of printed IDEs was too high to be measured by a sourcemeter
(resistance range <200 MQ). Pyrolysis process, thermal heat treatment or decomposition of

materials at elevated temperatures, was performed as a post treatment.

4.2.1. Experimental process

For the pyrolysis process of printed samples, pyrolysis temperature was decided based on
reported thermogravimetric analysis (TGA) data of an acrylate polymer [106]. The TGA graph
explains that there is significant weight reduction due to degradation of the polymer around
400-500 °C. We performed the pyrolysis experiment at 300°C, 375°C, 400 °C, 430 °C, 450 °C
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and 500 °C for 30 min. Finally, the pyrolysis temperature for MSCs electrode was set at 430 °C

by considering mechanical property and electrical resistance.

4.2.2. Characterization of pyrolyzed electrodes

4.2.2.1. Electrical resistance

Electrical resistance values of printed electrodes before and after pyrolysis were measured by
a sourcemeter (Keithley 2400) with the two-wire DC resistance measurement method as shown
in Figure 4.6. At 500 °C, the pyrolyzed structure even in IDE-octet showed significant structural
collapses due to a large amount of decomposition. At 300 °C, the pyrolyzed IDE-octet did not
show any significant defects such as structural distortion or collapse; however, the samples
were nonconductive, with high resistance over 200 MQ. The electrical resistances of IDE
pyrolyzed at different temperatures are depicted in Figure 4.7. The resistance decreases as the
pyrolysis temperature increase. The measured resistance of the IDE pyrolyzed at 450 °C was
13.8 Q. (99.3 MQ at 375 °C; 1.65 KQ at 400 °; 40.176Q at 430 °C). It is required to optimize the
pyrolysis temperature in terms of both conductivity and mechanical property. As temperature
increases, the conductivity can be enhanced. However, at the same time, the mechanical
properties of IDE are degraded by the decomposition of the polymer parts. Therefore, the
furnace temperature was optimized as 430 °C for 30 min for the MSCs application by

considering high electrical conductivity and mechanical sustainability of 3D structures.

Figure 4.6. Contact points for electrical resistance measurement
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Figure 4.7. Plot of the resistances with respect to different pyrolysis temperature

4.2.2.2. Morphology & Composition analysis

To characterize the morphology of printed electrodes, digital optical microscopy and scanning

electron microscopy (SEM) analysis were carried out.

Also, energy-dispersive X-ray

spectroscopy (EDS) analysis was performed to see the relative composition of 3D printed

electrodes before and after pyrolysis.
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Figure 4.8. Optical microscopy images with difference magnification: IDE as printed in (A)
and (B); IDE after pyrolysis in (C), and (D)

Figure 4.8 depicts the morphology of printed IDE before & after pyrolysis at different
magnification by optical microscopy. In the Figure 4.8(A), (B), before pyrolysis, numerous
AgNWs are observed. However, after pyrolysis in the Figure 4.8(C), (D), the AgNWs are not
observed anymore. Instead, coalescence of the brighter color can be seen. The SEM & EDS
analysis explain these phenomena with the magnified images and the composition of the IDE.
Figure 4.9(A-C) represents SEM images of IDE as printed at different magnification.
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Figure 4.9. Scanning electron microscope images of 3D printed IDE. (A-C) As printed. (D)
EDS spectra of IDE as printed in the selected yellow area of (B)

IDE-thin (as printed) illustrates layer by layer laminar structures indicating typical DLP printing
stacking patterns corresponding to the layer thickness of resolution information (30 um) shown
in Figure 4.9(A), (B). SEM images of IDE-thin after pyrolysis in Figure 4.10(A), (B) clearly show
hollow structure as noted by yellow arrows and more bright color patterns on the surface of the
structure corresponding to silver, based on the EDS profile in Figure 4.10(D) in the profiles of
the yellow square region of Figure 4.10(B). This can be more explained by EDS in Figure
4.10(D) where it shows higher silver atomic weight while Figure 4.9(D) shows lower silver
atomic weight. In detail, the atomic weight ratio of carbon: silver before and after pyrolysis
indicates significant atomic weight (at %) change from 18:1 to 2:1, which would be the main
cause of high electrical conductivity of IDE-octet after pyrolysis. Measured resistance was 1.65
KQ in IDC-thick with standard deviation of 59.91. Also, IDC-thin showed resistance values of
40.2 Q with standard deviation of 35.4 on average. Higher resistance of IDC-thick results from
insufficient decomposition of the polymer inside and less sintering of silver to produce
interconnected conductive structures. The highly concentrated silver network in IDE-thin is

mainly attributed to more decomposition of acrylate units in the polymeric parts. The sintering of
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AgNWSs generates silver-interconnected 3D structure, maintaining its structure with help from

the octet structure.

D C:0:Ag=2:2:1
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Figure 4.10. Scanning electron microscope images of 3D printed IDE (A-C) after

pyrolysis. (D) EDS spectra of and IDE after pyrolysis in the selected yellow area of (B).

This can be observed in Figure 4.9(C) more clearly where the AQNWs are embedded in photo-
cured resin in accordance with the layer pattern of 3D printing, while the morphology of AQNWs
is changed after pyrolysis in Figure 4.10(C) and eventually spheroidized [107]. The mechanism
of instable morphology in AgNWs originates from Rayleigh or Plateau— Rayleigh instability

[108,109] where atomic diffusion is enhanced as temperature is increased. At higher

temperature such as 430 °C, AgNWs tend to lower their surface energy by assuming a spherical

shape. The spheroidized AgNWs come closely each other by the decomposition of polymeric
parts. Then, the spheroidized AgNWs are sintered to generate 3D network structures.
Additionally, the hollow structures can be related to the catalyst reaction of silver, increasing the
gas yield and reducing the charcoal yield [110]. Therefore, the acrylate starts to decompose in
the center of the strut, making voids, and those voids emerge in the centers. AQNWs migrate

into the outer shell, and those are aggregated and sintered, making an interconnected silver.
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Figure 4.11 explains that the brighter patterns are sintered silver based on EDS analysis. EDS
spectra (B) from selected region in (A), dark region, shows lower peak of Ag where the atomic
weight ratio between C: Ag is 39:15. EDS spectra (D) from selected region in (C), bright region,
shows higher peak of Ag where the ratio of C: Ag is 13:69.
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Figure 4.11. EDS spectra in char (A, B) and in silver (C, D) after pyrolysis.

42



Chapter 5

3D printed micro-supercapacitor

5.1. Fabrication process

The IDE MSCs devices (IDC) were fabricated as depicted in Figure 5.1. The gel-type
electrolyte was prepared using PVA (1 g), LiCIO, (0.34 g) and deionized water (10 mL). The
solid PVA and LiCIO4 were dissolved in deionized water (10 mL) and heated to 90 °C with
vigorous stirring for 24 h. MSCs cases were also printed by the DLP printer for packaging. Filter
paper, Whatman 1001-150, was used as a separator to prevent a possible electrical short
between the two electrodes caused by capillary force of PVA and the silver electrodes [111].
Finally, copper wires were connected to each electrode with carbon glue to create electrical
contacts for electrochemical characterization. Fabricated MSCs were dried in ambient air

conditions and stabilized for 24 hrs to make electrolyte fully diffuse in the electrodes.

Packaging

Electrolyte

Separator
S8 Electrode
Il Copper wires

Q’@

Figure 5.1. Schematics of fabrication process of MSCs(Upper)

Photographs of fabrication process (Lower), scale bar:10 mm
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5.2 Performance evaluation of micro-supercapacitor

5.2.1. Cyclic Voltammeter

Cyclic voltammetry (CV) test was performed to evaluate electrochemical characteristics with an
electrochemical analyzer (CHI 1205B, CH Instruments, Inc.). Two electrodes set-up was applied
to analyze the total cell performance in the MSCs where counter electrode (CE) and reference
electrode (RE) are both connected to one electrode while working electrode (WE) is connected
to the other electrode. By using two electrodes system, the potential difference over the entire
cell is measured. This is useful when the whole cell’'s performance is interesting by considering
combination of working electrode, the electrolytes resistance, ohmic resistance and

counter/reference electrode.

0.20
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_0.10 1 1 1 1 1 1
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Figure 5.2. Cyclic voltammetry curve; black is octet-thin and red is octet- thick

In this CV test, the current is measured as a function of voltage. Minimum and maximum voltage
is set 0 to 1V and different scan rate (mV/s) can be applied. The result of CV can be obtained as
plots on the graph: current on y axis and voltage on the x axis. The potential difference between
the working electrode and reference is recorded. The capacitance of the MSCs was calculated

from CV data using equation (eq4) as below:
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(V)av
Ceen = flzw (4)

where i is the current, V is the voltage, and v is the scan rate. CV test results, measured by a
two-electrode system, are shown in Figure 5.2 and depict the performance of two (IDC-thin and
IDC-thick) different devices at 200 mV/s scan rate in 0 to 1 voltage ranges. The specific
capacitance of IDC-thin is 3.01 mF/g (0.301 mF/cm?) while that of IDC-thick is 1.41 mF/g (0.206
mF/cm?). This can be explained by the higher specific surface area of IDC-thin, as it is designed,
and the higher conductivity [112] of IDC-thin than that of IDC-thick, contributing to higher
capacitance. Both graphs exhibit sigmoidal behavior resulting from the silver redox reaction
[113,114]. The energy storage of MSCs can be explained by two possible mechanisms: First,
electrostatic double layer capacitance (EDLC) can be generated on the IDC electrodes by
electrostatic accumulation of surface charge. Because the capacitance of EDLC highly depends
on the surface area of the electrode, hierarchically designed 3D electrodes having the higher
surface area can increase the capacitance. However, the CV curve in Figure 5.2 indicates that
both graphs are not pseudo rectangular. This indicates that the generated capacitance from

EDLC will be minor. Therefore, the predominant energy storage of 3D printed MSCs is mainly

attributed to redox reactions in the silver 3D structure: Ag0 < Ag+ + e—, 2Ag* + 20H- — Ag20

+ H20 [113,114]. This pseudocapacitive behavior can increase total capacitance of MSC

coupled with EDLC by overcoming the relatively low specific capacitance of EDLC.
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5.2.2. Galvanostatic charge/discharge

Galvano charge/discharge (GCD) was conducted by CT2001a battery tester (Landt
Instruments)
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Figure 5.3. Galvanostatic charge/discharge curve of IDE-Thin at 0.2 mA.

Galvanostatic charge/discharge (GCD) curve of IDC-thin supercapacitor at a constant current of
0.2 mA is shown in Figure 5.3. Nearly linear charge/discharge profiles were obtained as an
indication of good capacitor behavior. However, there was a large IR drop at the beginning of
the discharge curve attributed to the internal resistance, i.e., electrode resistance, interfacial
resistance and electrolyte ionic resistance [115-117]. The cell capacitances from the GCD
curve was calculated by using following equation (eq5):

iAt
Ceen = lA_V (5)

where i is the current, V is the voltage, and t is the discharge time in seconds. The areal
capacitance is 1.33 mF/cm?based on the calculation.
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Chapter 6

Conclusion and Future Work

6.1. Conclusion

In this thesis, a photo-curable conductive resin for DLP 3D printing has been developed. 3D
printing followed by pyrolysis of photo-cured silver/acrylate demonstrated low electrical
resistance. Then, 3D electrodes having mechanically durable truss, and high surface area were
printed. Finally, the developed 3D electrodes were assembled with the electrolyte to

demonstrate 3D micro-supercapacitor. The main achievement of this thesis is like below.

1. Design and optimization of photo-curable conductive resin for digital light processing 3D
printer;
A photo-curable conductive resin consisting of the monomer (35wt%), oligomer (65wt%),
photo- initiator (3wt% of resin) and AgNWs (13wt% of resin) were formulated by
considering photo-curing mechanism, viscosity and light absorption effect. The

printability was demonstrated by printing a highly complex structure.

2. Characterization of 3D printed electrode after pyrolysis;
The 3D printed electrode after pyrolysis shows unique silver morphology corresponding
to 3D printing layers. The electrical resistance of 40.2 Q was achieved at the pyrolysis
temperature of 430 °C. The decomposition of the polymer and sintering of silver are the

main mechanism of high conductive structure.

3. 3D electrode design;
As a main advantage of 3D printing, tailored design of electrodes is possible. The
interdigitated electrodes consisting of mechanically durable 3D complex truss structures
were designed and printed successfully. The truss design contributes to durable property

while it is pyrolyzed, resulting in maintaining its structures.
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4. Fabrication of micro-supercapacitor and demonstration of performance;
3D electrodes with gel-type electrolyte were fabricated and the areal capacitance of

0.301 mF/cm?was achieved.

The demonstrated approach can be utilized for next-generation 3D electrode designs by 3D
printing for the following reasons: 1) The interconnected silver materials offer a 3D continuous
electron pathway and the ordered pores allow the electrolyte to penetrate and diffuse evenly
between electrodes. 2) Freestanding electrodes without current collector are capable with 3D
printed electrodes, offering facile and low-cost fabrication. 3) It has freedom of geometrical
design in specific application with scale up environments. 4) It is achievable to reduce size of
electrode structure by high resolution DLP printer and pyrolysis method, generating hierarchical
macroporous framework which can have high surface area and ideal size for electrolyte
diffusion and its electrochemical performance can be significantly enhanced by deposition of

electrochemical active materials.

6.2. Future Works

1. To improve electro-chemical performance in MSCs, deposition of pseudo active
materials on the 3D printed electrode is a promising approach.

2. To have superior mechanical property, pyrolysis process with inert gas such as H,, N, at
higher temperature can be performed. Finally, polymer material selection or additives

can be more carefully designed for better carbon yield.
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Appendix A.
Resin cartridge of DLP printer

Appendix B.

Resolution test

FTX Clear resin FTX Clear resin

(200micon) (100m

DLP resin(60:40:0) DLP resin(60:40:0)
(200micon) (100micon)

icon)
-

60
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(50micon)




DLP resin(50:50:0) DLP resin(50:50:0) DLP resin(50:50:0)
200micon ) 100micon 50mi

Optical microscope image of DLP printed samples to study lowest printable width
(Letter: stretch).

Appendix C.

Silver nanowire synthesis

Photograph of AQNW synthesis
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Optical microscope image of AgNWs

(as synthesized) in isopropyl alcohol solvent

Appendix D.

Printed samples on the platform

PCR PCR without Sudan Flex resin
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