D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= TR mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

tOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH0l [E 0l8Ke als 2o ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

FHPAAN R

Multiscale Design and Fabrication of
Polymeric Architectures for Wettability
Control and Fuel Cell Applications

P 2AY TEA FEE A L AGE 38
3¢ 54 24 % 9584 34

20159 24



Abstract

In this thesis, we describe novel and facile methods to achieve multiscale,
asymmetric structures via controlled oxygen-inhibition effect of UV-curable
materials and guided UV light transmission. From the nature-inspired multiscale
structures with the aid of thermally responsive chemical composition, we could
exhibit directional liquid control in microfluidic system and also achieve

enhanced performance of polymer electrolyte membrane fuel cell.

First, we propose methodological breakthroughs to achieve multiscale
structures mimicking biological surfaces in nature. Representatively, multiplex
lithography via stacking designed polymeric membrane provides possibility for
hierarchical design of pattern dimension at each layer and number of layers. The
facile yet versatile strategy for multiscale structures from soft materials allows
structural deformations on surface and enables LEGO® -like, monolithic
integrations of them by quantitatively controlling the oxygen-inhibition effect of
UV-curable materials. Micro ebb tides of partially cured resin were observed and
utilized to form dual phase brick with viscoelastic coating that was promoted to be
nanopatterns and connections under multiple UV exposures. Furthermore, to
realize asymmetric ratchet structure in morphobutterfly wings or water strider legs,

we developed a simple but powerful strategy to directly program asymmetric



structures within a microchannel by combination of photopolymerization within a
microchannel and the guided light transmission through an optically asymmetric

Lucius prism array.

Next, we present the asymmetric ratchet structures, created at the bottoms of
microchannels, show the unidirectional liquid flows as well as controlling the
fluid speed in a predefined region. Then, we demonstrated two examples of
asymmetric structures created or programmed in specific regions within
microchannels to control the fluid speed in predefined regions and to be used as
on-chip timers in split microchannels. In addition, we present a simple approach
to reversibly switch the direction of liquid flow on physically symmetric and
chemically asymmetric prism structures by exploiting the reversibility of wetting
properties on a thermo-responsive polymer, poly(N-isopropyl-acrylamide) surface
is demonstrated. Such an asymmetric prism array creates a flow path in the
direction of the lower critical contact angle. This allows a unidirectional “step
flow” across the ridges of prism channels, which can be made reversible with

suitable temperature change.

Finally, we demonstrate enhancing performance in polymer electrolyte
membrane fuel cell (PEMFC) via multiscale approaches. To improve mass

transport in cathode electrode, carbon-supported Pt (Pt/C) catalyst was selectively



functionalized by a thermally responsive poly(N-isopropylacrylamide) (PNIPAM)
to improve water transport in the cathode of proton exchange membrane fuel cell.
Amine-terminated PNIPAM selectively reacted with the functional group of —
COOH on carbon surfaces of Pt/C via the amide reaction by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as a catalyst. Pt surfaces of Pt/C were
intact throughout the carbon surface functionalization, and the carbon surface
property could be thermally changed. The PNIPAM-functionalized Pt/C was well
dispersed due to its hydrophilic surface property at room temperature during the
catalyst ink preparation. In sharp contrast, when PEMFC was operated at 70 T,
PNIPAM-coated carbon surface of Pt/C became hydrophobic, which resulted in a
decrease in water flooding in the cathode electrode. Due to the switched wetting
property of the carbon surface, PEMFC with PNIPAM-functionalized Pt/C
catalyst in the cathode showed high performance in the high current density
region. To explain the enhanced water transport, we proposed a simple index as
the ratio of systematic pressure (driving force) and retention force. Furthermore,
to demonstrate the effectiveness of multiscale engineering, complex and
multiscale architectures with an aid of multiplex lithography that integrates
rational advantages in both microscale and nanoscale, was embedded into fuel cell
devices to fully probe advantages of each scale pattern, resulting in outstanding
device performance by increasing both proton conductivity and surface area for

electrocatalysis.



Key Words :  Multiscale structures, Asymmetric structure, UV curable materials,

Thermoresponsive polymer (poly(N-isopropylacrylamide)),
Directional liquid flow, High performance polymer electrolyte
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Student Number: 2010-22782



Contents

Abstract ...................................................................................................... i
Llst Of Flgures ............................................................................................ V“l
Nomenclature ............................................................................................. X“l
Chapter 1. Introductlon ............................................................................ 1

Chapter 2. Multiscale Design and Fabrication of Polymeric Architectures

2-1. Multiscale architecturing by quantitatively controlled oxygen-

inhibition effect of UV-CUrable Materials -« -, 9
D-1-1. INEFOTUCTION «+vv e vvvvreeeemmmreee et 9
2-1-2. EXPEFIMENTAL ++ecevrerrereeeesestuntisitiniititisi e 12
2-1-3. ReSUltS and DiSCUSSION -+« xwwerrreemrmremmmememiieeiiieiiiieii 14
2-1-4. SUMMMAIY «eeeeeeseesesestesessssssm ittt s 22

2-2. Multiscale, asymmetric ratchet structures within microchannels

via guided UV light transmisSion -+ wsesseseesiesimiiiiiie, 23
2221, INEFOQUCTION v+ vvveeereeeemmee et 23
2-2-2, EXPEFIMENTAL ++evevrersereeessmneuntssitiniititii e 25
2-2-3. ReSUItS and DISCUSSION -+« rrrrererrrrmmemmmmmmeeeaiiiieeeiiieeeen 27
2-2-4. SUMMAIY «+eeeeessesesessesestssesm sttt s 33

\'
2] .:F

=l 1-II

-
=]

11!



Chapter 3. Multiscale Architectures for Wettability Control in Microfluidic

System

3-1. In Situ Realization of Asymmetric Ratchet Structures within
Microchannels by Directionally Guided Light Transmission and Their
Directional Flow Behavior

3-1-1. Introduction
3-1-2. Experimental

3-1-3. Results and Discussion

3-1-4. Summary

3-2. Thermoresponsive Switching of Liquid Flow Direction on a Two-

Face Prlsm Array ...........................................................

3-2-1. Introduction
3-2-2. Experimental

3-2-3. Results and Discussion

3-2-4. Summary

Chapter 4. Multiscale Architectures for Enhancing Performance in
Polymer Electrolyte Membrane Fuel Cell

4-1. High Performance Hybrid Catalyst with Selectively

Functionalized Carbon by Temperature-Directed Switchable Polymer -

4-1-1. Introduction
4-1-2. Experimental

4-1-3. Results and Discussion

4-1-4. Summary

Vi

34

34

37

39

50

51

51

53

55

66

67

70

73

88



4-2. High Performance Ultra-thin and Free-standing Multiscale Nafion
Membrane via Enhanced Proton Conductivity with Increased Reaction

Area ......................................................................................................... 89
4_2_1_ Introduction ............................................................................ 89
4_2_2_ Experlmental .......................................................................... 91
4_2_3_ ResultS and DiSCUSSiOﬂ .......................................................... 94
4_2_4_ Summary ................................................................................ 102

References .................................................................................................. 103
LB o 116
vii



List of Figures

Figure 1-1.

Figure 2-1

Figure 2-2.

Figure 2-3.

Figure 2-4.

Considerable multiscale architecturing processes inspired from
nature and its applications for directional liquid control in
microfluidic system and high performance polymer electrolyte
membrane fuel cell (PEMFC)

Multiscale perspective and hypothesis for a multiplex
lithography. (a) Single scale structures from a soft lithography.
(b) Multiscale perspective of a complex, hierarchical
architecture from a multiplex lithography. The architecture has
individual nanopatterns (dots and lines) on each flat surface.
(c) Mlustration of a ‘gray zone’ with permitted oxygen from a
permeable PDMS blanket. (d) Calculated curing contrast after
time-dependent, short UV exposure. (e) A hypothesis for
multiple curing with UV to form complex, hierarchical
architectures from simple molding processes.

Micro ebb tides of partially cured resin for a generation of dual
phase membrane. (a) Schematic illustration for overlapping of
OIL and resulted micro ebb tide after 1st UV exposure. The
micro ebb tides reduce a curing contrast on top surface of brick
from a to o rationally. (b) Microscopic images for real-time
monitoring of micro ebb tides. Note that low affinity of
viscoelastic PUA resin onto PDMS pillars yields spontaneous
coating of partially cured resin on the top surface of brick. ()
Digital image of the obtained dual phase brick as a unit part for
LEGO® -like deformations.

LEGO® -like, multiplex lithography procedures. (a) Schematic
illustration for the multiplex lithography process by vertical
stacking and imprinting each dual phase brick. Both imprinting
and bonding is achieved with the top and bottom surface of
brick to form complex, hierarchical architectures. (b to g) SEM
images for the corresponding structures.

(@ An overall scheme for the integration of asymmetric

viii



Figure 2-5.

Figure 2-6.

Figure 3-1.

Figure 3-2.

Figure 3-3.

Figure 3-4.

structures within a microchannel, which is composed of a
PDMS channel on a glass substrate, a photomask and the
Lucius prism array. (b) A schematic illustration of the
realization of asymmetric structures in a microfluidic channel
by the guided transmission through the Lucius prism array.

SEM images of polymeric structures realized within
microchannels after UV illumination. (a) Symmetric
microstructures fabricated without Lucius prism array. (b)
Asymmetric microstructures fabricated with Lucius prism
array.

A light path geometry and light-intensity distribution
calculated from the EM-Explorer program. The UV-light
within a microchannel was refracted by the Lucius prism array
because the left sides of the prism array are blocked by metal
films (PUA refractive index = 1.5, UV light intensity = 400 mJ
cm, 365 nm in wavelength).

SEM images of polymeric structures realized within
microchannels after UV illumination and representative movie
cuts showing the liquid flow on the structures created within
the microfluidic channels. (a) A liquid flow on a symmetric
triangular pattern fabricated without a Lucius prism array. (b)
A unidirectional liquid flow on an asymmetric ratchet realized
with a Lucius prism array. (c) A simplified model to explain
the flow velocity difference by the resistant retention force
depending on contacting surfaces with different base angles.

Movie cuts showing directional liquid flows within the
microchannels of two different widths: 1.5 mm (a) and 4.5 mm

(b).

(@) Movie cuts showing a bi-directional flow of IPA (surface
tension of 0.0217 N/m?) (a) and a directional flow behavior of
PBS solution (surface tension of 0.0695 N/m?). It indicates that
the directional behavior could be observed when the surface
tension of liquid is high enough.

(@) A schematic illustration of programming the direction of
asymmetric ratchet structures by a modified Lucius prism



Figure 3-5.

Figure 3-6.

Figure 3-7.

Figure 3-8.

array. (b) The control of liquid flow velocity by the ratchet
orientation along with representative movie cuts. The graph
demonstrates the change in liquid flow velocity on the
programmed asymmetric structures. (Insets: a schematic of
asymmetry of ratchets of different regions and microscopic
pictures of interfaces)

An example showing the delayed fluid flow based on different
ratchet structures created within a microchannel. (@) A
schematic illustration on differently oriented ratchet structures
in three different channel regions. (b) Movie cuts showing the
delayed fluid flow induced by different ratchet structures. In
good agreement with the previous experimental results of
controlled liquid flow velocity, injected liquid sequentially
reached the regions 1, 2, and 3 with time lapse.

(@) A schematic illustration for the fabrication of a two-face
prism array. (b) SEM image of a prism array showing the
symmetric structure in microscale. The inset shows a
magnified SEM image of the prism array with chemical
asymmetry. (c) An optical microscope image showing the left
faces of the prisms are covered with metal films.

(@) Movie cuts at various times showing the unidirectional
liquid step flow. The water front is moving unidirectionally
toward the metal-free PNIPAAm surface (right face). It is
noted that the black column on the liquid is a needle of the
equipment for feeding water at a constant rate. The inset in
each image shows the corresponding magnified image at the
three-phase contact line where the colored arrows indicate the
location of ridges. (b) A schematic illustration explaining the
mechanism of the directional step flow across channels formed
by the prism array.

Schematic illustrations explaining the relationships of critical
contact angles for three directions. Direction 1 means that a
liquid droplet flows across the ridge of PNIPAAmM surface.
Direction 2 is toward the Pt-coated direction. Direction 3 is out
of the prism array. Because the critical contact angle could be
obtained by 6. = 6* + a, the edge angle is very important to
critical contact angle. In the case of direction 3, o is 90° and



Figure 3-9.

Figure 3-10.

Figure 4-1.

Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

the critical contact angle 03, is always higher than the lowest
critical contact angle.

(@) Images of water droplets on PNIPAAm and Pt-coated
surfaces under two temperature conditions (23 and 40 ). The
contact angle (CA) on the PNIPAAm surface changes from
45.4° to 72.0° after the increase in temperature to 40 C while
the CA on the Pt surface remains at ~ 61.4° at both
temperatures. (b) A graph showing reversible switching of CA
on the PNIPAAmM surface with temperature cycles along with
CA variations on the Pt-coated surface.

(@) A schematic illustration for the change in the direction of
lower contact angle. (b) A movie cut showing the directional
liquid flow on the two-face prism array at 23 C. Water flows
toward the less hydrophobic, PNIPAAm surface with an
apparent contact angle of ~90.9°. (¢) A movie cut showing the
directional liquid flow at 40 C. The direction of liquid flow is
reversed, toward the direction of Pt-deposited surface with an
apparent contact angle of ~117.0°. The same experiments were
repeated more than five times.

Schematic illustration of synthesis of selectively functionalized
Pt/C (Pt/C-PNIPAM).

AFM images showing the morphology of each surface: (a)
Pt/C, (b) Pt/C-PNIPAM. Each inset shows corresponding SEM
images. (Scale bar: 50 nm).

(@) N1s XPS peaks, and (b) ratio of Pt oxidation states in Pt/C
and Pt/C-PNIPAM.

CV of the cathode catalyst layers with and without PNIPAM.
Each inset indicates the SEM images showing the catalyst
layer thickness of Pt/C and Pt/C-PNIPAM.

Contact angle hysteresis of surfaces with Pt/C and Pt/C-
PNIPAM at 20 and 70 °C.

The difference between the power densities of the unit cells

Xi



Figure 4-7.

Figure 4-8.

Figure 4-9.

Figure 4-10.

Figure 4-11.

Figure 4-12.

Figure 4-13.

with Pt/C and Pt/C-PNIPAM according to the current densities.
The inset shows the unit cell performance of the MEAs with
Pt/C and Pt/C-PNIPAM.

(@) Equivalent circuit of PEMFC. (L: inductance of wire, Rs:
series resistance, R¢: charge transfer resistance, CPE: constant
phase element, W: Warburg impedance) (b) EIS of the MEAS
with Pt/C and Pt/C-PNIPAM at 0.65 V. (Dot: raw data, Line:
fitting data) The inset of (b) indicates the Warburg impedances
calculated from the fitting data.

Schematic illustration of theoretical model to estimate the
extent of water transported through the micro-pores in catalyst
layer.

Multiscale engineering in polymer electrolyte membrane fuel
cell (PEMFC) with complex, hierarchical architectures. (a)
Schematic illustration of device operation with multiscale
Nafion membrane. (b) Scanning electron microscopy (SEM)
images of imprinted multiscale Nafion membrane. (c)
Measured proton conductivities of each patterned Nafion
membrane. (d) Measured polarization curves for reference
membrane electrode assembly (MEA) and MEA with
multiscale Nafion membrane in condition of H,/O,.

(@) Schematic illustration of thermal imprinting process onto
Nafion 212 membrane. (b-e) SEM images of patterned Nafion
membrane after imprinting process with pattern dimension of
multiscale (b), 500 um (c), 20 pum (d), 800 nm (e).

Swelling effect of nanopattern-carved nafion membrane after

soaking in deionized water for 1day.

Comparison of polarization curves for Nafion membrane with
or without hot pressing process(~120C, 10 kgf cm™, 10 min)
with PDMS (Pt loading: 0.2 mg cm™ in the cathodes and
anodes of the MEAS).

Increased surface area ratio compared to flat surface with
variation of pattern dimension.

Xii



AW
AP,

Nomenclature

Retention force to the i" direction

Width of a channel

Surface tension of a liquid

Receding contact angle

Advancing contact angle

Equilibrium contact angle

Angle subtended by a ratchet structure forming a solid edge
Radius of pore

Hysteresis in the adhesion energy

Laplace pressure

Xiii



Chapter 1. Introduction

Multiscale structures in biological surfaces in nature provide intriguing
properties including superhydrophobicity of louts leaf, directional adhesion of
gecko feet, antifogging of mosquito eye, directional wettability and structural
color of morphobutterfly wings.(1-6) These unique functions which are attributed
from multiscale architectures have received great attention and have been
extensively studied for decades.(7-18) Recent advances in material science and
miniaturization technology have brought innovative outcomes in biomimetic
researches.(19-22) In particular, polymeric architectures with the complex and
hierarchical forms have been rationally emerged, almost invariably, from
multiscale necessities to overcome engineering issues in single scale.(23-25) It
has been known that, in most cases, microstructures provide enhanced mechanical
stability and nano structures give unique functions.(24, 25) With the aid of micro-
and nanofabrication methods, the miniaturization of conventional fluidic systems
for novel analytic systems and the development of polymer electrolyte membrane
fuel cell composed with porous electrode with carbon supported Pt particles have
been achieved for several decades. (20, 21, 26-28) However, a realization of

complex, three-dimensional architectures is still challenging with soft materials.



Furthermore, integration of the unique structure in applied system or device is
also obstacle to overcome.

Microfluidic system that have advantages of Increased throughput,
smaller volumes, easier fabrication and shorter analysis time have received
attention for its applications for biological research, healthcare, and food industry.
(20) Despite increasing demands on miniaturized analytical systems, they still
have obstacles for practical applications partly due to their relatively complicated
and expensive operation schemes. For example, current microfluidic devices
frequently require external tubes and pumps along with an additional integration
to the device for the overall miniaturization and portable uses.(29-31) Also, the
precise manipulation of flows is a remaining issue in the current system. In this
aspect, multiscale or asymmetric structures embedded in microfluidic chip
without external device can be useful tool to manipulate flow as engineer
designed.

Similarly, polymer electrolyte membrane fuel cell (PEMFC) system
which is energy conversion device with advantages of low operating temperature
and high power density produces water by electrochemical reaction of inserted
hydrogen and oxygen gas. PEMFC system involves the continuous production
and transport of water in the membrane electrode assembly (MEA) needs to be
manipulated for enhanced water transport because if water is not well removed

from catalyst layer, it severely inhibits the oxygen transport to catalyst leading to



rapid increase of resistance in the system.(32) In addition, Nafion membrane that
selectively transport proton ion is main factor to determine performance of fuel
cell. Thinner membrane can provide better performance, yet it induces lower
mechanical strength and poor processability.(33) In this aspect, multiscale
approaches with polymeric architectures give methodological breakthrough to
enhance performance of polymer electrolyte fuel cell.

To address the remained issues and overcome the limitations, we
employed novel and facile methods to achieve multiscale or asymmetric structures
via controlled oxygen-inhibition effect of UV-curable materials and guided UV
light transmission. The structures were composed with polymers that have their
inherent properties as well as easy and low-cost processibility in the systems. (22,
34) Especially, we also applied thermally responsive polymer (poly(N-isopropyl-
acrylamide)) that switches from hydrophobic to hydrophilic below its Lower
Critical Solution Temperature (LCST) of ~32 T into microfluidic system and
polymer electrolyte membrane fuel cell system. The polymer gives active
component into specific system depending on temperature variation. With the
nature-inspired multiscale structures employed proper chemical composition, we
could exhibit directional liquid control in microfluidic system and achieve
enhanced performance of polymer electrolyte membrane fuel cell. In microfluidic
system, we demonstrate in situ realization of asymmetric ratchet structures within

microchannels by directionally guided light transmission and their directional



flow behavior and thermoresponsive switching of liquid flow direction on a two-
face prism array. Futhermore, we improve performance of polymer electrolyte
membrane fuel cell by improvement of water transport in PEMFC by selective
functionalization of thermally responsive polymer onto carbon-supported Pt and
using enhanced proton conductivity with increased reaction area of ultra-thin and
free-standing multiscale nafion membrane fabricated by nanoimprint lithography

with hierarchical, multiscale structures.



K. Liuetal, AcsNano, 2011

Nature-inspired Multiscale architectures
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Figure 1-1. Considerable multiscale architecturing processes inspired from

nature(25) and its applications for directional liquid control in microfluidic system

and high performance polymer electrolyte membrane fuel cell (PEMFC)



In Chapter 2, we propose methodological breakthroughs to achieve
multiscale structures mimicking biological surfaces in nature. Representatively,
multiplex lithography via stacking designed polymeric membrane provides
possibility for hierarchical design of pattern dimension at each layer and number
of layers. The facile yet versatile strategy for multiscale structures from soft
materials allows structural deformations on surface and enables LEGO® -like,
monolithic integrations of them by quantitatively controlling the oxygen-
inhibition effect of UV-curable materials. Micro ebb tides of partially cured resin
were observed and utilized to form dual phase brick with viscoelastic coating that
was promoted to be nanopatterns and connections under multiple UV exposures.
Furthermore, to realize asymmetric ratchet structure in morphobutterfly wings or
water strider legs, we developed a simple but powerful strategy to directly
program asymmetric structures within a microchannel by combination of
photopolymerization within a microchannel and the guided light transmission

through an optically asymmetric Lucius prism array.

In Chapter 3, we present the asymmetric ratchet structures, created at the
bottoms of microchannels, show the unidirectional liquid flows as well as
controlling the fluid speed in a predefined region. Then, we demonstrated two
examples of asymmetric structures created or programmed in specific regions

within microchannels to control the fluid speed in predefined regions and to be



used as on-chip timers in split microchannels. In addition, we present a simple
approach to reversibly switch the direction of liquid flow on physically symmetric
and chemically asymmetric prism structures by exploiting the reversibility of
wetting properties on a thermo-responsive polymer, poly(N-isopropyl-acrylamide)
surface is demonstrated. Such an asymmetric prism array creates a flow path in
the direction of the lower critical contact angle. This allows a unidirectional “step
flow” across the ridges of prism channels, which can be made reversible with

suitable temperature change.

In Chapter 4, we demonstrate enhancing performance in polymer
electrolyte membrane fuel cell (PEMFC) via multiscale approaches. To improve
mass transport in cathode electrode, carbon-supported Pt (Pt/C) catalyst was
selectively functionalized by a thermally responsive poly(N-isopropylacrylamide)
(PNIPAM) to improve water transport in the cathode of proton exchange
membrane fuel cell. Amine-terminated PNIPAM selectively reacted with the
functional group of -COOH on carbon surfaces of Pt/C via the amide reaction by
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a catalyst. Pt surfaces
of Pt/C were intact throughout the carbon surface functionalization, and the
carbon surface property could be thermally changed. The PNIPAM-functionalized
Pt/C was well dispersed due to its hydrophilic surface property at room

temperature during the catalyst ink preparation. In sharp contrast, when PEMFC



was operated at 70 C, PNIPAM-coated carbon surface of Pt/C became
hydrophobic, which resulted in a decrease in water flooding in the cathode
electrode. Due to the switched wetting property of the carbon surface, PEMFC
with PNIPAM-functionalized Pt/C catalyst in the cathode showed high
performance in the high current density region. To explain the enhanced water
transport, we proposed a simple index as the ratio of systematic pressure (driving
force) and retention force. Furthermore, to demonstrate the effectiveness of
multiscale engineering, complex and multiscale architectures with an aid of
multiplex lithography that integrates rational advantages in both microscale and
nanoscale, was embedded into fuel cell devices to fully probe advantages of each
scale pattern, resulting in outstanding device performance by increasing both

proton conductivity and surface area for electrocatalysis.



Chapter 2. Multiscale Design and Fabrication of

Polymeric Architectures

2-1. Multiscale architecturing by quantitatively controlled oxygen-

inhibition effect of UV-curable materials

2-1-1. Introduction

Soft lithography, a rapid prototyping of structures geared to both
microscale and nanoscale, is a collection of versatile techniques, displaying
impressive patterns and incorporating them into advanced applications with an aid
of flexible, elastomeric stamps.(35) Such a flexibility that is an inherent property
of soft material has significantly improved technologies in the fields of artificial
sensors(36), wearable electronics(37, 38), optical and energy devices(39, 40).
Also, it has even accelerated capabilities for real-actuating, soft robotics(41) by
applying additional stimulus to original figures. This appealing characteristic
enables a certain degree of elastic/plastic deformation when external forces are
applied, thereby providing potentials for achieving a complex, hierarchical

engineering(42). For example, rational mechanical deformations including



stretching(43), bending(42) and bulging(36) of elastomers and chemical
modifications on given surfaces(44) have been demonstrated widely as strategies
to get complex structures by taking advantages of elasticity in soft materials and
provoking material instability.

The complex, hierarchical microarchitectures have been rationally
emerged(45), almost invariably, from multiscale necessities to overcome
engineering issues in single scale(23, 24), while a realization of complex, three-
dimensional architectures is still challenging with soft materials. This is mainly
due to the fact that soft lithography basically employs sufficient thermal or
ultraviolet (UV) treatment to solidify the raw materials for high pattern fidelity. To
achieve hierarchical deformations with fully solidified patterns, thermo-
mechanical deformation that is a thermal reflow in confined guidance, is useful
for processing secondary/tertiary imprint onto pre-defined thermoplastic
structures around the glass transition temperature(46, 47) via imprint lithography
named by Chou et. al.(48). However, those types of thermal deformations give
rise to several practical problems owing to stress instability from a difference in
thermal expansion of materials or layers, which potentially restricts a facile
embedding of hierarchical structures to engineering applications(49). In the case
of UV-curable materials that guarantee simple yet rapid replication within minutes
in both microscale and nanoscale are typically manipulated to be patterns under a

concrete cross-linking within polymer chains, restricting reliable and sustainable

10



secondary deformations onto predefined structures except the cases of restorations
from elasticity and mechanical failures after fracture point. Moreover, successful
realization of multiscale, hierarchical architectures into engineering devices is
obviously difficult due to the rarity of those complex patterns and lack of suitable
embedding processes in engineering fields. To address those challenges, we
demonstrate a multiplex lithography that is facile strategy for a multiple, stepwise
treatment of UV-curable resin under a quantitatively controlled oxygen-inhibition
effect to form multiscale, hierarchical architectures via a replica molding
(REM)(23, 50). A LEGO® -like deformation and multiplex stacking of dual phase

bricks are described in here mimicking lotus leaf or petal.

11



2-1-2. Experimental

Preparation of PDMS patterned array.

The hole patterned silicon masters were fabricated by photolithography and
reactive ion etching. The masters were treated with a fluorinated-SAM solution
((tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosilane:FOTCS, Gelest Corp.)
diluted to 0.03 M in anhydrous heptane in an Ar chamber. After the surface
treatment the masters were annealed at 120°C for 20 min. After the preparation of
the master, a mixture of base and curing agent (10:1 w/w) of Sylgard 184 PDMS
elastomer (Dupont) was poured onto the patterned masters and cured at 70 C for

2 h. The cured PDMS molds were peeled off from the master and cut prior to use.

Fabrication of UV cured dual phase polymeric membrane.

A small amount of hydrophilic resin (PUA311, Minuta Tech) was drop-
dispensed onto a patterned PDMS mold, and a flat PDMS upper mould was
uniformly placed onto patterned PDMS mold. Then, the sandwich assembly was
exposed to UV light (< 3 min, A = 250~400 nm, Fusion Cure System, Minuta
Tech) under an applied pressure (25 g cm™? ~ 1 kg cm™) after forming conformal

contact. After removal of the upper and lower PDMS molds, a flexible, free-

12



standing membrane with dual phase polymeric membrane via micro ebb-tide

phenomena was obtained.

Multi-stacked, multi-dimensional pattern array with simultaneous

imprinting & bonding process.

A prepared dual phase polymeric membrane was uniformly placed onto
nanopatterned PUA311 mold contacting with more cured face (o phase) of the
membrane and nanopatterned PDMS mold was placed onto the less cured face (o’
phase) of the membrane. Then, the sandwich assembly was exposed to UV light
(> 3 min, A = 250~400 nm) with hydraulic pressure (6~8 kg cm™) in a vacuum
chamber (5x107 Torr) after forming conformal contact. After removal of the
PDMS molds, multiscale two-level PUA311 hole pattern array via simultaneous
bonding and imprinting process was obtained. The same process was conducted
with different micro-sized membrane to obtain tri-level PUA311 hole patterned
master. After the preparation of the master, a mixture of base and curing agent
(10:1 w/w) of Sylgard 184 PDMS elastomer was poured onto the patterned
masters and cured at 70 C for 2 h. The cured PDMS molds were peeled off from

the master and cut prior to use.
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2-1-3. Results and Discussion

The key features from multiplex lithography are briefly illustrated in
Figure 2-1, where multiscale perspective reveals complex, three-dimensional
architectures that contain respectively different nanopatterns onto each level of
hierarchical surface (Figure 2-1b). This unique structural hierarchy is oriented
from scavenging effect of infiltrated oxygen near a highly permeable
polydimethyl siloxane (PDMS) blanket, remaining a thin layer of permitted
oxygen owing to inhibition of radical-induced polymerizations(51) (Figure 2-1c).
A monitoring with relative peak height of Fourier-transform infrared (FT-IR)
spectra shows a gradual, multiplex curing of polyurethane acrylate (PUA) under
time-dependent UV-curing reaction (Figure 2-1d) (52), where PUA resins with
low curing contrast (i.e., ranges 30~55%) remain a lot of cross-linkable bonds on
a soft, viscoelastic surface that is capable of sequential curing with LEGO® -like
deformation in our experiments. We hypothesize that two types of paths are
possible from permeability differences in boundary conditions; i) slow curing
under a highly permeable blanket (PDMS, dashed red line) and ii) fast curing
under a blanket with low permeability (PUA, dashed black line), where close
correspondence in slope is represented with same color of arrows and dashed lines
(Figure 2-1e). The detailed explanation for hypothesis is further followed below

with multiplex curing steps, consisting of a preparation of dual phase bricks (o
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and a'), a confined LEGO®-like deformation (B’) and a monolithic bonding of
each brick (B and y). The first step for multiplex lithography is a generation of a
dual phase membrane by partially curing the PUA resin between permeable
PDMS layers that are constructed with a sandwich-like assembly (Figure 2-2a).
Here, overlapped OIL within the confined, thin PUA was readily achieved when
simple squeezing was processed, due to hydrophobicity differences near interfaces
(i.e., contact angle of PUA and PDMS is approximately 88° and 104°,
respectively). After a first, short UV treatment, the confined PUA layer was
divided into two parts via disassembly, generating a partially cured PUA brick
with low curing contrast (red dashed box). Then, the brick experiences a
spontaneous dewetting that provokes a lot of individual micro ebb tides of
viscoelastic resin on an array of exposed PDMS pillars (purple arrows). Note that
the PUA showed low affinity against to the hydrophobic PDMS surface, thus the
micro ebb tides (movement of PUA droplet) were slowly headed for PUA surface
(Figure 2-2b), resulting in a dramatic drop of curing contrast (oo — o) because the
droplet was initially placed at overlapped OIL regions so that permitted oxygen
could prohibit the UV reaction seriously. The microscopic images in Figure 2-2b
are monitoring scenes for the micro ebb tides that act as automatic viscoelastic
coating onto a neighboring PUA brick. As an initial step, a long wave occurs
rapidly by surface tension of uncured PUA resin (green arrows). Then, the

individual viscoelastic droplet started to move induced by affinity mismatching
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(purple arrows). This type of dewetting lasted for several minutes (> 1 min)
constantly and slowly, where similar dewetting is also detectable on the
disintegrated flat PDMS layer. After dewetting, self-supporting polymer brick
with viscoelastic coating on top surface was obtained by removing the underlying
PDMS mold from the assembly. Notably, independent to pattern shape and
dimension, dual phase membrane bricks can be achieved via presented
phenomena. In addition, the brick is sufficiently robust to be handled with
tweezers without cracking or tearing with an aid of connected frameworks of the
PUA brick that has relatively high elastic modulus (~ 320 MPa) (Figure 2-2c).
The Figure 2-2c is a representative digital image of the dual phase brick with
150-pum apertures over a large area of up to 2 inches, which used in a LEGO®-

like multiplex process.
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Figure 2-1. Multiscale perspective and hypothesis for a multiplex lithography. (a)
Single scale structures from a soft lithography. (b) Multiscale perspective of a
complex, hierarchical architecture from a multiplex lithography. The architecture
has individual nanopatterns (dots and lines) on each flat surface. (c) Illustration of
a ‘gray zone’ with permitted oxygen from a permeable PDMS blanket. (d)
Calculated curing contrast after time-dependent, short UV exposure. () A
hypothesis for multiple curing with UV to form complex, hierarchical

architectures from simple molding processes.
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To elucidate the function of the dual phase membrane, curing contrasts of
viscoelastic layer on a dual phase brick were discussed by using FI-IR and
focused ion-beam milling studies. When a surface with curing contrast of o (55%)
Is attached onto the pattern with nano holes, they remain clearly unfilled
nanoholes under a bonding interface (surface bonding), while even microscale
holes were filled (structural interconnection) under a deformed viscoelastic layer
of o’ (45%) which gives possibility to carve patterns onto the brick directly. For
the experiment, the both underlying holey patterns were treated as 60% for good
pattern fidelities in hierarchical structures after replications. This monolithic
integration concept was further verified by stacking various bricks and replicating
with materials for successful multilevel architectures of up to four levels. The
schematic illustration of Figure 2-3a depicts a LEGO® -like multiplex process
that employs aforementioned two independent curing paths relating to sequential
imprinting and bonding. Basically, the brick has two different curing contrasts at
both sides (o and a'); monolithic integration is processed with the bottom of brick
(~ 55%) by placing the brick onto a pre-patterned PUA with curing contrast of 3
(~ 60%). The scanning electron microscopic (SEM) image in Figure 2-3b shows
800-nm-patterned PUA holes (depth: 800 nm) as an underlying substrate for a
monolithic integration. Then, both dual phase membrane with 20-pum-holes
(thickness is 20 um, Figure 2-3c) and permeable mold with nanopatterns (800-

nm-dots) were vertically placed and pressed to deform the viscoelastic coating for
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confined nanostructures (imprinting), while bottom layer bonded to underlying
patterns (bonding) during second UV exposure (Figure 2-3d). According to the
hypothesis, the PUA brick has low permeability; the underlying bonding follows
fast curing regime, however, the same, second exposure leads to stepwise
increases in curing contrast of up to 60% that is sufficient values for next bonding
step during third exposure. By repeating the multiplex stacking (iv, v, vi), a third
layer was integrated (Figure 2-3e), where 800-nm-holes are clearly observed on
every projected surface. As a final step, we performed a replica molding with
various pre-polymers to robustly form a tri-level hierarchical architecture from a
fully cured assembly (> 60 %, vii) as shown in the Figure 2-3f. It should be
noted that the multiplex curing and stacking is rationally processed by controlling
the curing contrast with permeability, together with the micro ebb tides for
effective reduction of curing contrast on top surface of brick, which would be a
unique strategy as a guide for multiscale, hierarchical engineering with polymers

via facile molding approaches.
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Figure 2-2. Micro ebb tides of partially cured resin for a generation of dual
phase membrane. (a) Schematic illustration for overlapping of OIL and resulted
micro ebb tide after 1st UV exposure. The micro ebb tides reduce a curing
contrast on top surface of brick from a to o' rationally. (b) Microscopic images for
real-time monitoring of micro ebb tides. Note that low affinity of viscoelastic
PUA resin onto PDMS pillars yields spontaneous coating of partially cured resin
on the top surface of brick. (c) Digital image of the obtained dual phase brick as a
unit part for LEGO® -like deformations. (Cited from doctorate thesis in Seoul National
University, Hyesung Cho, 2012, Multiscale, multilevel architectures and polymeric stencils by

partial curing and dewetting method)
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Figure 2-3. LEGO® -like, multiplex lithography procedures. (a) Schematic
illustration for the multiplex lithography process by vertical stacking and
imprinting each dual phase brick. Both imprinting and bonding is achieved with
the top and bottom surface of brick to form complex, hierarchical architectures. (b

to g) SEM images for the corresponding structures.
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2-1-4. Summary

We developed facile yet versatile strategy for multiscale structures from
soft materials that allows structural deformations on surface and enables LEGO® -
like, monolithic integrations of them by quantitatively controlling the oxygen-
inhibition effect of UV-curable materials. Micro ebb tides of partially cured resin
were observed and utilized to form dual phase brick with viscoelastic coating that
was promoted to be nanopatterns and connections under multiple UV exposures.
The realization of complex, multiscale architectures is of significant interest and
incorporation of those structures into engineering application provides
methodological breakthroughs in practical issues with an aid of multiscale

approach that integrates rational advantages in both microscale and nanoscale.

22



2-2. Multiscale, asymmetric ratchet structures within

microchannels via guided UV light transmission

2-2-1. Introduction

In nature, biological creatures including insect, plant and animal own
specific multiscale, asymmetric micro/nano structures on their surfaces to adapt to
surrounding environments provided. For example, gecko lizard possess numerous
tilted micro/nano hierarchical hairs(setae) on their foot to climb up any barrier
even vertically soared wall to adapt rugged geometric environment (50).
Asymmetric micro/nano structures also exist on the surface of morpho butterfly’s
wings. The asymmetrically arranged ratchet-like structures allow water droplet
falling on the wing surface to roll down from body to the outside preventing
congesting water on the body (24, 25, 53). Moreover, some kinds of plant’s leaf
surface including rice leaf with aligned fabrics let water fluid flow to the aligned
direction cumulating water efficiently (24, 25, 53). Definitely, the roles of the
asymmetric micro/nano structure are diverse with specific functions.

Inspired from the inherently unique properties of the asymmetric
structures in nature, extensive efforts applying the properties to technological
research fields including dry adhesive, wetting, electronics and tissue engineering

(53) with directional property have been accomplished in past decades.
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Corresponding with the needs for directional property of micro/nano structures,
diverse fabrication strategies for forming anisotropic structures on target substrate
have been tried to achieve the specific aim. Generally anisotropy (or asymmetry)
imply directional dependant properties with different axes as opposed to isotropy
(or symmetry) exhibiting equivalent properties in all directions. In the aspect of
the definition, line (i.e. Aligned string), bended hair, tilted textured surface, helical
structure, triangular structure, wavy shape holding anisotropy in geometry can be
categorized anisotropic structure. The geometrically anisotropic structures with
scaling down to micro/nano size induce directional guidant functions to water
droplet, electrons and cells on the substrate and also assign directional adhesion to
tiny hairy structures. To get the target structures corresponding to specific purpose
of utilizing directional function, proper fabrication strategy should be set up
considering suitable and processable material, substrate, catalyst and possibility to
get target shape and size-limitation.

Herein, we present a direct and facile method to realize programmed
multiscale and asymmetric structures within microchannels by combining photo-
polymerization with the directional transmission through an optically asymmetric
film named as the Lucius prism array,(54, 55) which is a prism array with one

facet sides coated with metal films.
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2-2-2. Experimental

Fabrication of Lucius prism array

In this paper, we used the Lucius prism array with 50 um in period and
45° in prism angle. After the preparation of the polymeric prism array by the
replica molding, we deposited ~100 nm thick Cr metal films on one faces of the
prism array using an oblique metal evaporation. We used a E-gun evaporator (V-
system) for the metal deposition and placed the polymer prism array on an
inclined holder with an angle 60°. The detail procedure of the fabrication can be

found elsewhere.

Fabrication of asymmetric ratchet structure in microfluidic system

Microfluidic channel (3 mm in width, 200 pm in height) composed of
polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning) was prepared with the
mixing ratio of 10:1 (prepolymer: curing agent) and curing temperature of 60°C
for 2h. Then, the PDMS channel punched with two holes for inlet and outlet of
fluid was bonded onto a glass sheet (150 um of thickness). For the fabrication of
asymmetric ratchet structure in microfluidic channel directly, ultraviolet (UV)-
curable polyurethaneacyrlate (PUA) prepolymer was filled into the channel and
photomask of line shape with a width of 40 um and a space of 40 um and the

Lucius prism array was arranged onto the backside of glass substrate layer by
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layer. Then, vertical UV exposure (400 mJ cm™, 365 nm in wavelength) to the
Lucius prism array for 10 sec induced crosslinking of prepolymer in microchannel
resulting in asymmeric ratchet structure. The unreacted prepolymer was rinsed
with DI water several times and fabricated structures was dried in a dry oven for

more than 4 h.
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2-2-3. Results and Discussion

A schematic illustration on the direct realization of asymmetric structures
using a Lucius prism array is shown in Figure 2-4. At first, a microfluidic channel
(3 mm in width and 200 pum in height) made of poly(dimethyl siloxane) (PDMS)
was prepared. After making a microchannel pattern with the conventional
photolithography, we cast a mixture of PDMS precursors (Sylgard 184, Dow
Corning) onto the photoresist pattern. PDMS curing at 60 °C was then performed
at a mixing ratio of 10:1 (prepolymer: curing agent). After the cure, the PDMS
channel was detached from the photoresist pattern. The PDMS channel was then
glued onto a glass plate (150 um in thickness) with two holes for liquid injection.
To create polymeric structures within the microchannel, we filled the channel with
low-viscosity UV-curable polyurethaneacyrlate (PUA) prepolymers.(56) In order
to guide UV light with a defined direction, an optically asymmetric Lucius prism
array was placed between the light source and a photomask, as shown in Figure
2-4a. The Lucius prism array was prepared by the micro-molding with UV
curable polymers (PUA, 311RM)(57, 58), followed by the obliqgue metal
deposition to coat metal films only on one sides of the prism array. The detailed
procedure to prepare the Lucius prism arrays can be found elsewhere.(54, 55)
Because the left faces of the prism array are blocked by metal films, the straight

incident light is bent toward the left direction, as shown in Figure 2-4b. After
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slanted UV exposure (with 365 nm in wavelength and an intensity of 400 mJ cm™)
of the PUA prepolymers trapped within the microchannel, the unreacted PUA
prepolymers were removed by rinsing with DI water several times. The
asymmetric ratchets, created within the microchannel, were then dried in a dry

oven for more than 4 hrs.
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Figure 2-4. (a) An overall scheme for the integration of asymmetric structures
within a microchannel, which is composed of a PDMS channel on a glass
substrate, a photomask and the Lucius prism array. (b) A schematic illustration of
the realization of asymmetric structures in a microfluidic channel by the guided

transmission through the Lucius prism array.
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Figure 2-5 shows the scanning electron microscopic (SEM) images of a
symmetric structure generated within a microchannel without using the Lucius
prism array (Figure 2-5a) as well as an asymmetric structure created with the
Lucius prism array (Figure 2-5b). The designed photomask lines have a width of
40 um with a spacing of 40 um. Figure 2-5b demonstrates the photopolymerized
asymmetric structure created from the same mask pattern when the Lucius prism
array was placed just below the mask. It is noted that the tilt angle is 21 degree,
which is in good agreement with the Snell’s law, as we discussed in the previous
paper.(55) We further notice that the line mask pattern yielded the symmetric
triangular polymer structure even without the Lucius prism array after curing,
presumably due to non-uniformity of UV intensity within the microchannel filled
with PUA prepolymers. The simulation on the light path in the presence of the

Lucius prim array is given in Figure 2-6.
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Figure 2-5. SEM images of polymeric structures realized within microchannels
after UV illumination. (a) Symmetric microstructures fabricated without Lucius

prism array. (b) Asymmetric microstructures fabricated with Lucius prism array.
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Figure 2-6. A light path geometry and light-intensity distribution calculated from
the EM-Explorer program. The UV-light within a microchannel was refracted by
the Lucius prism array because the left sides of the prism array are blocked by
metal films (PUA refractive index = 1.5, UV light intensity = 400 mJ cm’, 365

nm in wavelength).
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2-2-4. Summary

We present a simple but powerful strategy to directly realize or program
asymmetric  structures within a microchannel by a combination of
photopolymerization within a microchannel and the guided light transmission
through an optically asymmetric Lucius prism array. We took advantage of the
selective light refraction into one direction through the optical Lucius prism array
to crosslink liquid prepolymers within a channel, yielding asymmetric ratchet

structures.
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Chapter 3. Multiscale Architectures for Wettability

Control in Microfluidic System

Published in Advanced Materials, 2014, 26, 2665 (59)

Published in Soft Matter, 2013, 9, 4145 (54)

3-1. In Situ Realization of Asymmetric Ratchet Structures within
Microchannels by Directionally Guided Light Transmission and

Their Directional Flow Behavior

3-1-1. Introduction

Recently, asymmetric structures inspired from the Mother Nature have
extensively received attention because of their unique physical properties such as
directional wetting, directional adhesion, and directional transmission for their
applications in microfluidic devices, dry adhesives, and three-dimensional
displays. (50, 54, 55, 60-70) More specifically, directional wetting has been
reviewed in detail several times for their potential use in microfluidics and
biomedical devices.(60-62) For example, Kim et al.(63) demonstrated that
“stooped” nanohairs could control the fluid velocity within microchannels and

Malvadkar et al.(64) developed slanted nanorods for drag reduction on nanofilms.
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These achievements have been expected to control liquid flow in microfluidic
assays, in which sequential delivery of multiple reagents in detection regions and
temporally controlled reagent transport are strongly needed.(71-73) Although
many researchers have developed different versions of fabrication methods to
realize the asymmetric structure, we are still in need for improved techniques to
integrate the asymmetric structures within microchannels in simple and economic
ways because the integration process of patterned structures within microfluidic
channels is typically complicated. For example, bonding and sealing processes of
microchannels on the asymmetric patterns with precise alignment should be
required. Here, we present a direct and facile method to realize programmed
asymmetric structures within microchannels by combining photo-polymerization
with the directional transmission through an optically asymmetric film named as
the Lucius prism array,(54, 55) which is a prism array with one facet sides coated
with metal films. The Lucius prism array can refract incident rays with an angle
through one facet sides of the prism array while light from the other sides for the
prism is reflected off the coated metal films. By selective and directional UV
exposure through the prism array onto photo-curable prepolymers filled within a
microchannel, one can obtain polymeric asymmetric structures within the channel
after removing uncured prepolymers. The novelty of the proposed direct
integration with the Lucius prism array is the ability to control angled directions

in judiciously designed prism areas by one-step photo-polymerization.
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Furthermore, we demonstrate two examples of the direct integration of
asymmetric structures within microfluidic channels to control the fluid speed on
asymmetric ratchet surfaces as well as the rate-dependent channel filling showing

different dwell times in a split channel.
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3-1-2. Experimental

Physical analysis
SEM images were taken using FESEM (Hitachi S-48000, Japan). Liquid
flow movie cuts were obtained by a digital video camera (SONY DSC-T30,

Japan).

Fabrication of asymmetric ratchet structure with variation of orientation in a
designated area within a channel

Microfluidic channel (3 mm in width, 200 um in height) composed of
polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning) was prepared with the
mixing ratio of 10:1 (prepolymer: curing agent) and curing temperature of 60°C
for 2h. Then, the PDMS channel punched with two holes for inlet and outlet of
fluid was bonded onto a glass sheet (150 um of thickness). For the fabrication of
asymmetric ratchet structure in microfluidic channel directly, ultraviolet (UV)-
curable polyurethaneacyrlate (PUA) prepolymer was filled into the channel and
photomask of line shape with a width of 40 um and a space of 40 pm and the
Lucius prism array which was designed to tilt incident light to the right direction
in the areas A and C while bending light path to the left direction in the area B was
arranged onto the backside of glass substrate layer by layer. Then, vertical UV

exposure (400 mJ cm™, 365 nm in wavelength) to the Lucius prism array for 10
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sec induced crosslinking of prepolymer in microchannel resulting in asymmeric
ratchet structure. The unreacted prepolymer was rinsed with DI water several

times and fabricated structures was dried in a dry oven for more than 4 h.

Demonstration of liquid flow on asymmetric structures in microfluidic channel
The prepared microfluidic channel was punched in an inlet hole at the

center of the channel and dispensed water, colored in red, by gravity to

demonstrate the unidirectional liquid flow on the asymmetric ratchet structure

created within a microchannel.
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3-1-3. Results and Discussion

We made an inlet hole at the center of the channel and dispensed water,
colored in red, by gravity to demonstrate the unidirectional liquid flow on the
asymmetric ratchet structure created within a microchannel,. When the water is in
contact with the symmetric structure within the microchannel, water flows on both
directions, as shown in Figure 3-1a. On the contrary, when the colored water is
forced to touch the asymmetric ratchet structure, water selectively flows toward
the right direction, as shown in Figure 3-1b. The average speed of the liquid flow
was ~ 14 um /sec and the flow direction selected on the ratchet structure is toward
the face with a lower base angle, as shown in Figure 3-1c.

To elucidate the different behavior of liquid flow on the asymmetric
ratchet surface, we simply set the asymmetric structural model with two base
angles of 01 (~ 27°) and 6, (~ 59°), as shown in Figure 3-1c. The retention force at
a contact line prevents liquid from moving forward, which is expressed below:(74)

fi = wy (cos8,; — cos8,;)
, Where f; is the retention force that resists the incipient motion of liquid acting on
the i" direction, w is the width of a microchannel related to the length of contact
line, vy is the surface tension of a liquid (i.e., water in the current case), 6, is the
receding contact angle component in the i™ direction while 6 is the advancing

contact angle component in the i direction. In our system, the change of liquid
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quantity in the reservoir is negligible despite the liquid flow through the
microchannel. Hence, we can assume the receding contact angle as zero. Then, the
retention force can be modified as the following:
fi ~wy (1 —cos8y;)
In addition, on the face of ratchet-like structure, the advancing contact angle of the
contact line is further increased by 6; with respect to the advancing contact angle
on a flat surface (a0 : ~ 83.1°).
fi ~wy (1 = cos(8q0 + 6;))

Since we apply a constant external force fo; (= Pext X W X h, Peyq and h is the
external pressure and the channel height, respectively) on the liquid, the net force
fnet is just the difference between the external force and the retention force (fnet =
fext — fi). Then, the retention force ratio (K) with asymmetric ratchet-like structure

is described as:

[1 _ (1 _ COS(eaO + 92)(]//h))]

K = (fext_fz) _ Pext
(fext - fl) [1 _ (1 _ COS(@aOI;l- gtl) ()//h)]

When we set the external pressure and the surface tension to 0.7 kN/m? (the
gravity of water of 7 cm in height) and 0.0717 N/m%(75, 76) respectively, the K
ratio of 0.27 was obtained for the asymmetric structure created in Figure 3-1b.
This implies that the net force in the direction 1 (flow right) is bigger than the

force in the direction 2 (flow left), indicating a smaller resistance with a smaller
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base angle when liquid flow starts. We also note that the ratio K is independent of
the channel width as shown in Figure 3-2. Also, the retension force could be
negligible in comparison with the external pressure when the surface tension of
liquid is quite low (i.e., 0.0217 N/m? for isopropyl alcohol (IPA), as demonstrated
in Figure 3-3.(75, 76) From this observation, it is interesting that it is only the
structural asymmetry that could differentiate the flow velocity with the difference
in resistance. We also noted that the direction of liquid flow is determined by the
crtical contact angle, as discussed in the previous study.(54, 77) The critical
contact angle 4. can be written as follows:
0.= 60"+«

where 6 is the equilibrium contact angle on a planar surface and a is the angle
subtended by a ratchet structure forming a solid edge, which is referred to as the
base angle. In the present case, 6" is the same as the bi-directions because the
surface-forming material is the same all over the surface. In the asymmetric
ratchet system, the critical contact angles of two faces are different from each
other because of their different edge angles.(74, 77-79) As a result, the critical
contact angle is higher on one side when compared with the other and the liquid
front is forced to move in the direction of a lower critical contact angle.

This strategy of realizing asymmetric structures within a channel with a
Lucius prism array could easily be extended to control the speed of liquid flow

with a predesigned optical Lucius film. Figure 3-4 demonstrates an one-step
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procedure to create a ratchet structure with different orientations with a
predesigned Lucius prism array. We could easily control or program the direction
of ratchet orientation in a designated area within a channel with the change in the
faces coated by metal films to alter the light. In the present study, we prepared a
Lucius prism array to tilt incident light to the right direction in the areas A and C
while bending light path to the left direction in the area B. We then exposed UV
light after filling liquid prepolymers within the channel followed by the removal
of unreacted prepolymers. To demonstrate the change in liquid flow speed on the
programmed structural array, we discharged liquid (water colored in red) from the
left end of the microchannel, as shown in the movie cuts in Figure 3-4b. As
shown in the graph of the liquid front position as a function of time, we could
easily vary the fluid speed in a particular region within a channel by simply
changing the orientation of a ratchet structure. In the regions A and C, the average
velocities of liquid flow are about ~ 13.9 um/sec and ~14.6 um/sec, respectively
while the flow velocity increases to ~ 47.4 um/sec in the region B. The difference
in the flow speed is due to the difference in the net forces on different contacting
surfaces.(74, 77, 80-82) The results shown in the present study clearly lay a firm
foundation to control the flow speed within microchannels simply by changing the

direction of asymmetric ratchet orientation.
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Figure 3-1. SEM images of polymeric structures realized within microchannels
after UV illumination and representative movie cuts showing the liquid flow on
the structures created within the microfluidic channels. (a) A liquid flow on a
symmetric triangular pattern fabricated without a Lucius prism array. (b) A
unidirectional liquid flow on an asymmetric ratchet realized with a Lucius prism
array. (c) A simplified model to explain the flow velocity difference by the
resistant retention force depending on contacting surfaces with different base

angles.
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Figure 3-2. Movie cuts showing directional liquid flows within the microchannels

of two different widths: 1.5 mm (a) and 4.5 mm (b).
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IPA PBS

Surface tension: 21.7 mN/m Surface tention: 69.5 mN/m

Figure 3-3. (a) Movie cuts showing a bi-directional flow of IPA (surface tension
of 0.0217 N/m?) (a) and a directional flow behavior of PBS solution (surface
tension of 0.0695 N/m?). It indicates that the directional behavior could be

observed when the surface tension of liquid is high enough.
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Figure 3-4. (a) A schematic illustration of programming the direction of

asymmetric ratchet structures by a modified Lucius prism array. (b) The control of

liquid flow velocity by the ratchet orientation along with representative movie

cuts. The graph demonstrates the change in liquid flow velocity on the

programmed asymmetric structures. (Insets: a schematic of asymmetry of ratchets

of different regions and microscopic pictures of interfaces)
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The second demonstration of the direct realization of rachet structures
with different orientations is a microchannel of three pathways with different
timings of fluid flow. For time-dependent assays including immunoassays or
enzymatic reactions, delayed fluid flow could be effectively used in the aspect of
time-dependent fluid injection.(73, 83, 84) To demonstrate the delayed fluid flow,
a fluid (water mixed with red dyes in this case) was injected into three pathways
with different asymmetric structures within a channel, as shown in Figure 3-5. To
conduct experiments for the delayed fluid flow, a microchannel with three
pathways was prepared through the conventional photolithography process. To
realize three different asymmetric structures in different microchannel pathways
of regions 1 to 3, we designed a Lucius prism array with programmed ratchet
directions in three different pathways. In the region 1 (Figure 3-5), the guided
transmission of light realized the asymmetic ratchets to the direction of smaller
resistance. Also, the asymmetric ratchets in the reverse direction (region 3) and
symmetric ratchets (region 2, w/o a Lucius prism array) were formed at the same
time. Three different pathways with three different ratchet orientation angles,
realized within a microchannel, demonstrate the controlled fluid wicking behavior.
We observed the first fluid flow to region 1, followed by the flow into region 2
with symmetric ratchets with a time delay of 50 sec. After reaching the regions 1
and 2, the fluid flow finally switched to the region 3 with the highest resistant

force with a time delay of 100 sec, as shown in Figure 3-5. The delayed fluid flow
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in a programmed microchannel system could be useful in comparison with the
previous trials employing surface treatment approaches(73, 83) in terms of facile

and economic fabrication of microchannels.
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Figure 3-5. An example showing the delayed fluid flow based on different ratchet

structures created within a microchannel. (a) A schematic illustration on
differently oriented ratchet structures in three different channel regions. (b) Movie
cuts showing the delayed fluid flow induced by different ratchet structures. In
good agreement with the previous experimental results of controlled liquid flow
velocity, injected liquid sequentially reached the regions 1, 2, and 3 with time

lapse.
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3-1-4. Summary

The asymmetric ratchet structures, created at the bottoms of
microchannels, show the unidirectional liquid flows as well as controlling the
fluid speed in a predefined region. Furthermore, we demonstrated two examples
of asymmetric structures created or programmed in specific regions within
microchannels to control the fluid speed in predefined regions and to be used as

on-chip timers in split microchannels.
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3-2. Thermoresponsive Switching of Liquid Flow Direction on a

Two-Face Prism Array

3-2-1. Introduction

Recently, directional wetting and flow of liquid has received much
attention for its potential use as a way of controlling liquid flow in microfluidics
and water harvesting.(60-67, 74, 80, 85-96) Previous studies have mostly dealt
with unidirectional liquid wetting or spreading on asymmetric microstructures. In
one approach, inclined nanostructures in the form of stooped nanopillars(62, 63,
65) or inclined nanorods(64, 67) have been utilized for the unidirectional wetting.
In others, the directional liquid spreading has been made possible with spatial
gradients or anisotropic structure. (60, 61, 66, 74, 80, 85-96)

A basic question we raised regarding the unidirectional spreading and
wetting is whether the unidirectionality can be made reversible with the same
structure. That is to say that if the spreading is unidirectional in one direction on a
given structure, could we make it unidirectional in the opposite direction on the
same structure? A related intriguing question is whether this reversibility can be
realized on demand. Directionality necessarily requires the anisotropy in terms of
structure or gradient. (60-67, 74, 80, 85-96) The very nature of anisotropy, so

much relied on for directionality, negates its use for the reversible directionality.
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For the reversibility, therefore, a macroscopic, left-right symmetry in structure is
needed. On the other hand, there has to be a force acting on liquid for the liquid
front to advance in the desired direction. Within the overall symmetry, therefore,
an anisotropy is needed to generate such driving force.

To address these issues, we present herein a designed structure with
physical symmetry and chemical asymmetry for reversible and unidirectional step
flow of liquid. The resulting structure is an array of equilateral triangular micro-
prisms consisting of thermo-responsive polymers, only one face of which is
covered with metal films (i.e., a two-face prism array). Because of the difference
in the critical contact angle on the two surfaces, the liquid flows unidirectionally
and the direction could be switched by exploiting the changes in wetting

properties on thermo-responsive polymers with the control of temperature.
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3-2-2. Experimental

Fabrication of the PNIPAAmM patterned prism array

The masters used in the present study were prepared mechanically. First,
a blank roll or plate of stainless steel electroplated by nickel was prepared. The
blank roll or plate surface was machined by a diamond-cutting tool with a specific
angle. In this process, the pitch and angle of carved patterns correspond to those
of the diamond tool. The height of the patterns depends on the cutting depth of the
diamond tool. In this study, prism master with 50 pm in period and 45° in prism
angle was used. After the preparation of the master, a mixture of base and curing
agent (10:1 w/w) of Sylgard 184 PDMS elastomer was poured onto the patterned
masters and cured at 70 C for 2 h. The cured PDMS molds were peeled off from
the master and cut prior to use. Drops of a PNIPAAmM prepolymer solution
(mixture of N-isopropylacrylamide (NIPAAm), N,N-methylene-bis-acrylamide
(MBAAmM), ethanol, and 2-hydroxy-2-methylpropiophenon as a photoinitiator,
with the weight ratio of 20:1:30:1) prepolymer solution were dispensed onto the
prism shaped polydimethylsiloxane (PDMS) mold, and a flexible PET film, ~50
um thick, was placed on top of the mould and lightly pressed against the
moulding liquid (PNIPAAm) for a supporting backplane. The PNIPAAm liquid
was then exposed to ultraviolet light for 10 min, with an intensity of 5.5 mW/cm?

(Minuta Tech.). Subsequently, the cured polymer replica was removed from the
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master.

Oblique metal deposition

The polymer prism array (50 pm in period, 45° in prism angle) was
coated with ~20 nm thick Pt metal on one side of the prism using only oblique
metal evaporation. We used a magnetron sputter for the metal deposition and
placed the polymer prism array on an inclined holder with an angle 60°. The
inclined holder defines the oblique incidence angle, resulting in the deposition of
metal layers only on one side of the prism array. The two-face prism array thus
fabricated had an area of 3 x 3 cm? and was cutted to a narrow strip of ~1.5 mm in

width.

Physical measurements

Magnified optical images through two-face prism array was seen using
an optical microscope (Olympus 1X70, Japan). SEM images were taken using
FESEM (Hitachi S-48000, Japan). Liquid flow movie cuts on a two-face prism

array were obtained by a contact angle analyzer (KRUSS DSA 100, Germany).
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3-2-3. Results and Discussion

The procedure involved in fabricating a two-face prism array is
schematically shown in Figure 3-6a. To switch the chemistry of the surfaces, we
used ultraviolet (UV)-curable poly(N-isopropyl-acrylamide) (PNIPAAm), which
is a well-known thermo-responsive polymer(97-105) that switches from
hydrophobic to hydrophilic below its Lower Critical Solution Temperature (LCST)
of ~32 C. The prepolymer solution to fabricate the PNIPAAm prism structures
was prepared by a mixture of N-isopropylacrylamide (NIPAAmM), N,N-methylene-
bis-acrylamide (MBAAm), ethanol, and 2-hydroxy-2-methylpropiophenon as a
photoinitiator, with the weight ratio of 20:1:30:1.(103, 104) The liquid prepolymer
was dropped onto a prism shaped polydimethylsiloxane (PDMS) mold and an
original master to replicate the PDMS mold had been prepared by mechanical
machining.(55) After crosslinking by 10 min exposure of UV (5.5 mW/cm?,
Minuta Tech.), a cured PNIPAAmM prism array was detached from the PDMS
mold, and thin platinum (Pt) metal films of ~20 nm were then deposited on only
one face of the prism by the oblique deposition.(55, 106-110) Figure 3-6b. shows
a scanning electron microscope (SEM) image of the two-face prism array used
here. As seen from Figure 3-6b, the period is 50 mm with a typical prism angle of
~ 45° at both.(55) A magnified view in the inset of Figure 3-6b and an optical

microscope image in Figure 3-6¢ demonstrate that the prism has the structural
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symmetry in microscale and, at the same time, the chemical asymmetry due to the
metal films selectively deposited on the left faces of the prism array.

To demonstrate the directional liquid flow on the two-face prism array,
we placed a water droplet on the structure and increased the liquid volume at a
constant feeding rate of 1 pul/min. Figure 3-7a shows the movie cuts of liquid flow
moving toward the right direction. Interestingly, the liquid flow shows the step-
wise movement with typical stick-slip behaviour,(63) as shown in the insets of
Figure 3-7a. The magnified images demonstrate that the wetting can be described
by the Wenzel state because the liquid droplet fills the entire micro-prism arrays.
As the volume of water droplet is increased, the moving liquid front becomes
pinned at the ridge until the liquid droplet overcomes the energy barrier against
the movement. Then, the water front quickly steps over the ridge to the next prism
valley, being pinned again. Such a cycle of pinning and step-over is repeated for
the flow across the ridges of channels created by the prism array. In this sense, the
unidirectional flow presented here could be termed as the “step flow”. The
characteristics of this step flow are shown in Figure 3-7a. It is noted that the

water front moves unidirectionally toward the metal-free PNIPAAmM surface.
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PNIPAAmM prism array
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Oblique metal

deposition

Metal film "

Figure 3-6. (a) A schematic illustration for the fabrication of a two-face prism
array. (b) SEM image of a prism array showing the symmetric structure in
microscale. The inset shows a magnified SEM image of the prism array with
chemical asymmetry. (c) An optical microscope image showing the left faces of

the prisms are covered with metal films.
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(a) Temp.=23T

Injection Temp.=23°C

Directional Liquid Flow

—_—

Figure 3-7. (a) Movie cuts at various times showing the unidirectional liquid step
flow. The water front is moving unidirectionally toward the metal-free PNIPAAmM
surface (right face). It is noted that the black column on the liquid is a needle of
the equipment for feeding water at a constant rate. The inset in each image shows
the corresponding magnified image at the three-phase contact line where the
colored arrows indicate the location of ridges. (b) A schematic illustration
explaining the mechanism of the directional step flow across channels formed by

the prism array.
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Figure 3-7b is a schematic illustration of the mechanism involved in the
directional liquid flow, with the three-phase contact line across the ridges of
channels created by the prism array. As discussed earlier, the moving liquid front
Is pinned at the channel ridge and the pinning is maintained even in increasing the
liquid volume until the contact angle of the liquid front reaches its critical contact
angle at the edge. The critical contact angle gc can be written as follows:(77, 78)

0,=0"+a Q)
where 6" is the equilibrium contact angle on a planar surface or the intrinsic
contact angle and a is the angle subtended by the two prism surfaces forming a
solid edge, which is referred to as the edge angle. 6;” is the contact angle on a
planar PNIPAAm surface (right face) and 6, is the angle on a metal-deposited
planar surface (left face) In the two-face prism system, the critical contact angles
of the two faces are different from each other because of their different surface
chemistry. As a result, the critical contact angle is higher on one side or one face
(i.e., the left side of the prism array in Figure 3-7b in the current case) than that of
the other and the liquid front is forced to move in the direction of lower critical
contact angle (i.e., the hydrophilic PNIPAAm surface in this case) as the liquid
volume is increased.

It is well known that the liquid flows spontaneously and preferentially
along the sidewalls of grooves or channels.(77, 78) A distinct difference in our

work is that the liquid moves across or over the ridges of prism channels by
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cutting the prism sheet to a narrow strip of ~1.5 mm in width. In this way, the
liquid flow can be confined within the strip (direction 1 or 2 in Figure 3-8). Such
a confined flow is beneficial for the controlled one-dimensional directional flow
since the liquid front cannot spill over the lateral edges. Namely, the critical
contact angles at both sharp edges are always higher than the other two critical
contact angles at the channel ridges (i.e., angle of the sharp edge is 90°).

To change the direction of the lower critical contact angle, we employed
the reversible switching of wetting properties on thermo-responsive polymers,
PNIPAAmM, which switches the surface properties from hydrophobic to
hydrophilic due to the competition between intermolecular and intramolecular
hydrogen bonding below and above the LCST.(97-105) Figure 3-9 shows the
changes in CA on flat PNIPAAm and Pt-deposited surfaces with temperature
cycles between 23 C to 40 C. As shown in Figure 3-9a, the CA on the flat
PNIPAAm surface is reversibly changed from ~45.4° (x 1.5°) at ambient
temperature (~23 C) to ~72.0° (£ 2.0°) at ~40 C (above the LCST of ~32 1))
without additional chemical treatment. In contrast, almost a constant CA of ~61.4°
(= 1.4°) was observed on the Pt-deposited surface regardless of temperature cycles.
As shown in Figure 3-9b, the CA on the Pt-deposited surface is located between
the CAs on the PNIPAAm surface at temperatures below and above the LCST.
When applying the temperature-dependent CA change to the two-face prism array,

the PNIPAAm surface (right face) can exhibit lower or higher critical CA (6c)
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than the CA of the Pt-deposited face (left face) depending on the substrate
temperature. By utilizing these unique wetting characteristics of the two-face
prism array, we could switch the direction of the lower critical CA by changing

the substrate temperature.
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Figure 3-8. Schematic illustrations explaining the relationships of critical contact
angles for three directions. Direction 1 means that a liquid droplet flows across the
ridge of PNIPAAm surface. Direction 2 is toward the Pt-coated direction.
Direction 3 is out of the prism array. Because the critical contact angle could be
obtained by 6. = 6* + a, the edge angle is very important to critical contact angle.
In the case of direction 3, a is 90° and the critical contact angle 63 is always

higher than the lowest critical contact angle.
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Figure 3-9. (a) Images of water droplets on PNIPAAm and Pt-coated surfaces

under two temperature conditions (23 and 40 C). The contact angle (CA) on the

PNIPAAm surface changes from 45.4° to 72.0° after the increase in temperature to

40 C while the CA on the Pt surface remains at ~ 61.4° at both temperatures. (b)

A graph showing reversible switching of CA on the PNIPAAmM surface with

temperature cycles along with CA variations on the Pt-coated surface.
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Figure 3-10a shows a schematic illustration for the change in the
direction of liquid flow on the two-face prism array at two different temperatures
of 23 and 40 C. At 23 T, the liquid flows towards the PNIPAAm face (right
direction) at a feeding rate of 6 1 I/min with the lower critical contact angle of ~
91.8 ° (theoretical value: ~90.4 ° ) (Figure 3-10b). Remarkably, the direction of
the liquid flow was reversed towards the Pt-deposited face (left direction) when
the substrate temperature was switched to 40 C. In this case, the lower critical
contact angle to the left direction was ~132.0 ° (theoretical value: ~117.0 ° ) as
shown in Figure 3-10c. Due to the hydrophobic nature of the surface at higher
temperature, the speed of liquid flow was decreased at the same feeding rate. Such
a reversal of the flow direction was repeated more than five times, in good
agreement with the expected wetting behavior. It is noted that the liquid flows in
both directions on a symmetric PNIPAAmM prism array, suggesting that the

directionality is originated from the asymmetric nature of surface properties.
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Figure 3-10. (a) A schematic illustration for the change in the direction of lower
contact angle. (b) A movie cut showing the directional liquid flow on the two-face
prism array at 23 C. Water flows toward the less hydrophobic, PNIPAAmM
surface with an apparent contact angle of ~90.9°. (c) A movie cut showing the
directional liquid flow at 40 C. The direction of liquid flow is reversed, toward
the direction of Pt-deposited surface with an apparent contact angle of ~117.0°.

The same experiments were repeated more than five times.
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3-2-4. Summary

We have presented a simple approach to reversibly switch the direction
of liquid flow by temperature change with a thermo-responsive PNIPAAM
structure. An array of micro-prisms, which is physically symmetric and
chemically asymmetric, gives rise to unidirectional liquid flows across the ridges
toward the lower critical CA. This allows the unidirectional “step flow” across
ridges of prism channels. From the strategy to change CAs of thermo-responsive
polymer surfaces, we could switch the direction of liquid flow reversibly by
varying the substrate temperature. The reversible switching of a flow direction
would be applicable to guide a flow in microfluidic devices without using closed

channels (i.e., open channels) or harvest water in a more efficient way.
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Chapter 4. Multiscale Architectures for Enhancing

Performance in Polymer Electrolyte Membrane Fuel Cell

Published in Chemistry of Materials, 2013, 25, 1526 (111)
Published in doctorate thesis and reeditted
(Namgee Jung, 2012, Effects of catalyst surface structure on electrochemical

property and catalytic activity in fuel cell, Seoul National University)

4-1. High Performance Hybrid Catalyst with Selectively
Functionalized Carbon by Temperature-Directed Switchable

Polymer

4-1-1. Introduction

Proton exchange membrane fuel cell (PEMFC) has been developed as an
energy conversion device for the future due to its high efficiency and continuous
production of the electricity by simply refilling hydrogen as a fuel.(26, 112)
However, there are still some obstacles such as low activity of cathode catalyst for
the oxygen reduction reaction (ORR),(113) water management such as flooding in
the membrane electrode assembly (MEA),(114) catalyst poisoning by CO in the

anode,(115) and so on. From the point of view of the fuel cell system, the water
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management in the MEA is one of the most important things since PEMFC
always involves in production and transport of water in the MEA. Especially, the
tri-phase boundary, where catalyst, ionomer and gas pore intersect, can be blocked
by water produced by the ORR in the cathode, which results in water flooding.(32,
112) If water is not well removed from the catalyst layer, it seriously inhibits the
oxygen transport to catalyst surfaces in catalyst layer. In the polarization curve of
PEMFC, the mass transfer overpotential much rapidly increases as the current
density is high, and it becomes consequently the main reason for voltage loss
during the PEMFC operation.(32)

In recent decades, many researchers have developed various technologies
to reduce water flooding in the catalyst layer.(28, 116-119) The first one was the
introduction of hydrophobic polymer particles into the cathode catalyst layer.(28,
116, 117) For instance, polytetraflouroethylene (PTFE) particles were inserted and
mixed with carbon-supported metal catalysts in the catalyst ink preparation, and
the catalyst layer with PTFE particles was formed,(117, 120) or inserted PTFE
particles were dissolved and adhered to the catalyst surface through additional hot
press procedure during the MEA fabrication.(28, 116) The second method was
related to the pore formers such as carbonate.(118, 119, 121) Large gas pores to
improve the oxygen and water transport could be formed by removing inserted
pore forming agent into the cathode catalyst layer.

However, those methods have some critical problems despite of the
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respective advantages. First of all, when hydrophobic polymers adhere to the
catalyst surfaces by hot press procedure, they have nothing to do but randomly
stick to the surfaces. Due to the random adhesion of polymer, metal catalyst
surface, where the electrochemical reaction occurs, may be blocked as well as
carbon supports, which results in a fatal decrease in the electrochemical active
surface (EAS) of catalysts.(117) In addition, the insertion of hydrophobic polymer
particles or pore forming agent into the catalyst layer makes the catalyst layer
thickness increase, and finally the oxygen transport may become hard when the
same catalyst loading is used in the MEA.(117, 118) To overcome above problems,
a break-through for the water management in catalyst layer of PEMFC is
fundamentally required.

In this communication, we propose a idea to reduce water flooding in the
catalyst layer through the development of carbon-supported Pt (Pt/C) catalyst
selectively functionalized by poly(N-isopropylacrylamide) (PNIPAM), which is
able to reversibly switch between hydrophilic and hydrophobic property
depending on the temperature.(100) Hydrophobic catalyst layer without a
decrease in the EAS and an increase in the catalyst layer thickness can be
achieved by using the selectively-functionalized Pt/C catalyst. To the best of our
knowledge, it is the first try selectively-functionalizing the carbon surface despite

the existence of metal nano-particle on the carbon support in PEMFC.
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4-1-2. Experimental

Synthesis of Pt/C-PNIPAM.

40 wt.% Pt/C (Johnson Matthey) was dispersed with amine-terminated
PNIPAM (Aldrich) of 0.04 mM in a solvent of pH 1.6, which was composed of
isopropyl alcohol (IPA) (Aldrich) and HCIO4 (Aldrich). After the solution was
well mixed for 1 hr, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
(Fluka) of 0.04 mM was quickly introduced as a catalyst into the vigorously
stirred solution for the amide reaction between —COOH of the carbon surface and
—NH, of amine-terminated PNIPAM. The solution was washed through the
filtration by excessive D.l. water after the amide reaction by EDC for 12 hr.

Finally, the filtered Pt/C-PNIPAM was dried at 60 °C.

Membrane electrode assembly (MEA) preparation.

The MEAs were prepared with and without PNIPAM in the cathode. A
catalyst ink for the cathode catalyst layer with PNIPAM was fabricated by mixing
Pt/C-PNIPAM, 5 wt.% Nafion ionomer solution (Aldrich) (0.5 of N/C ratio) and
IPA. Non-treated 40 wt.% Pt/C was used in an anode catalyst ink instead of Pt/C-

PNIPAM. In the MEA without PNIPAM, the anode and cathode catalyst inks
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identically had non-treated 40 wt.% Pt/C. The prepared catalyst inks were sprayed
onto the anode and cathode parts of the Nafion 212 membrane (Dupont). Nafion
212 membrane was used after the pretreatment, in which the membranes were
boiled in 3 % hydrogen peroxide solution, 0.5 M H,SO4, and D.I. water at 80 °C
in order. The Pt loadings were equally 0.2 mg cm™ in the cathodes and anodes of
the MEAs, respectively. The catalyst-coated membranes (CCMs) were dried at
room temperature for 12 hr, and sandwiched between the anode and cathode gas

diffusion layers (GDLs, SGL 35 BC) without hot press process.

Physical analysis.

Field emission-scanning electron microscopy (FE-SEM) was conducted
using a SUPRA 55VP (Carl Zeiss) to measure the thickness and structure of the
cathode catalyst layers. Atomic force microscopy (AFM) was carried out to
identify the surface structure and roughness of the catalysts. X-ray photoelectron
spectra (XPS) were obtained from an Al Ko source (ESCALAB 250 XPS
spectrometer, VG Scientifics). Binding energies were calibrated with respect to C
(1s) at 285 eV. Experimental data were curve-fitted using XPSPEAKA4.1 software.
Atomic ratios of Pt oxidation states were estimated from the area of the respective
Lorentzian-Gaussian peaks. The advancing and receding contact angles (CAs) of

the surfaces with Pt/C and Pt/C-PNIPAM were measured at 20 and 70 °C when a
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water droplet with total volume of about 20 pl was drawn in and out onto each
cathode catalyst layer using a contact angle analyzer (KRUSS DSA 100). The
contact angle hysteresis was calculated from the differences between the

advancing and receding contact angles.

Electrochemical measurements.

Cyclic voltammogram (CV) was obtained at 100 mV s™ between 0.05
and 1.0 V to compare the electrochemical active surfaces (EAS) of the prepared
cathode catalyst layers. Humidified H; at 75 °C and N3 at 70 °C were supplied to
the anode and cathode, respectively. For the unit cell performance test, humidified
H, (150 ml min™) at 75 °C and air (800 ml min™) at 70 °C were flowed into the
anode and cathode, respectively. In fuel cell operation, unit cell temperature was
70 °C. Electrochemical impedance spectroscopy (EIS) (IM6, Zahner) of the unit
cells was measured at 0.8 and 0.65 V with an amplitude of 10 mV. The
measurement was conducted in a frequency range from 0.1 Hz to 10 kHz. Other
experimental conditions such as temperature and gas humidification were the
same as fuel cell operation. The ZView program (Scribner Associates, Inc.) was

utilized to fit the EIS data, and a simple equivalent circuit was applied.
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4-1-3. Results and Discussion

Switching property of hydrophilicity at each step is essentially required
for particle dispersion at MEA preparation process and water management at
PEMFC operation. The carbon support should have necessarily hydrophilic
functional groups to uniformly disperse the catalyst of nanoparticles on the carbon
surface  when carbon supported Pt-based or other metal catalyst is
synthesized.(122, 123) Therefore, the carbon support such as carbon black, carbon
nanotube (CNT) and carbon nanofiber (CNF) are generally activated through the
acid treatment to have the functional groups such as -COOH and -C=0 on the
surface, and the hydrophilic functional groups on carbon still remain after the
catalyst synthesis. In addition, catalyst having a carbon support without the
functional groups show bad dispersion in the catalyst ink,(123-125) and large
catalyst agglomerates may be formed, which results in low Pt utilization in the
MEA.(126) Therefore, the carbon surface needs to be hydrophilic because the
catalyst has to be well dispersed in the catalyst ink, which consists of catalyst,
ionomer and solvent, at a room temperature. On the other hand, from the point of
view of the water management in the MEA, hydrophobic carbon surface is
required for the prevention from flooding of the catalyst layer in operating
PEMFC at ~70 C since water can be accumulated on the carbon surface. In

addition, oxygen gas can easily transfer to the Pt through the hydrophobic channel
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on the carbon surface.(117) Accordingly, to satisfy the requirements of
hydrophilicity depending on purposes from the catalyst synthesis to the PEMFC
operation, the wetting property of the carbon surface should be tuned at each step.
However, when one makes the carbon surface property changed from hydrophilic
to hydrophobic, the selective functionalization technique is necessary since the
carbon surface tuning go through with affection of Pt nanoparticles on the carbon.
In addition, the material with different hydrophilicity according to the temperature
is needed because a variable is only the temperature from a room temperature to
~70 C at the moment requiring the surface property change.

It is known that PNIPAM exhibits thermally responsive switching
hydrophobicity.(103, 127-133) This phenomenon comes from the competition
between intermolecular and intermolecular hydrogen bonding below and above
the lower critical solution temperature (LCST) of about 32 C. On account of
the responsive behaviour, PNIPAM has been studied at broad research areas, such
as tissue engineering,(103, 127) drug delivery,(128, 129) micro/nano
actuators(130, 131) and sensors(132, 133) requiring to response to specific
stimuli. Herein, we utilized the switchable wetting behaviour of PNIPAM in
PEMFC to solve the dilemma, which was that the carbon support needed
simultaneously hydrophobic and hydrophilic property, and introduced a simple
selective functionalization technique.

Figure 4-1 shows the schematic illustration for the synthesis of
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selectively-functionalized Pt/C (Pt/C-PNIPAM). Amine-terminated PNIPAM
(NH2-PNIPAM) and functional groups (-COOH) on the carbon surface selectively
formed the amide (-CONH) bond with a aid of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as a catalyst.(134)

The synthetic mechanism can give selectivity for the functionalization of
the carbon surface despite the existence of Pt nanoparticle. The catalysts were
properly agglomerated each other in the catalyst layer of the MEAs as shown in
Figure 4-2. It implies that Pt/C-PNIPAM was able to be well mixed in the catalyst
ink since PNIPAM was hydrophilic at a room temperature during the MEA
preparation. However, the surface of Pt/C-PNIPAM seemed to be similar to that of
non-treated Pt/C in the scanning electron microscope (SEM) images. To definitely
identify the surface structure of the catalysts, the surface roughness of Pt/C and
Pt/C-PNIPAM is additionally measured by atomic force microscopy (AFM). First
of all, AFM image of Pt/C-PNIPAM seemed to be rougher than that of Pt/C, and
the measured roughness of Pt/C and Pt/C-PNIPAM were 9.44 nm and 15.00 nm,
respectively. It shows that PNIPAM may be well distributed among Pt

nanoparticles on the carbon surface.
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Figure 4-1. Schematic illustration of synthesis of selectively functionalized Pt/C

(P/C-PNIPAM).
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(b) Pt/C-PNIPAM

Figure 4-2. AFM images showing the morphology of each surface: (a) Pt/C, (b)

Pt/C-PNIPAM. Each inset shows corresponding SEM images. (Scale bar: 50 nm).
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For the characterization of the amide formation, X-ray photoelectron
spectroscopy (XPS) was conducted and analyzed onto each catalyst surface. The
existence of N 1s peak at 400.5 eV of Pt/C-PNIPAM shows that the amide bond
was formed between the carbon surface and PNIPAM. (135, 136) (Figure 4-3a) In
addition, it indicated that PNIPAM was selectively functionalized only on the
carbon surfaces without affecting Pt surfaces. Figure 4-3b indicates that Pt 4f
core-level peaks of Pt/C and Pt/C-PNIPAM were almost not changed, and the
ratio of Pt oxidation states of Pt/C-PNIPAM was analogous to that of Pt/C.
Especially, cyclic voltammograms (CV) of the cathode catalyst layers with and
without PNIPAM were also similar to each other, and the EAS of Pt/C-PNIPAM
calculated from the Hupd regions was analogous to that of Pt/C. (Figure 4-4a)
From the analysis, it was elucidated that PNIPAM did not attach to Pt
nanoparticles, and hardly affected the electronic structure of Pt. Therefore, the
chemically synthetic method for carbon surface functionalization secured the
selectivity. Successful thermal responsibility of PNIPAM on the carbon surface
could be elucidated by measuring advancing and receding contact angles at ~20 C
(below LCST) and ~70 C (above LCST) as shown in Figure 4-5. The catalyst
layer with Pt/C had a similar and high contact angle hysteresis (= - 6;) value at
20 C and 70 . It means that Pt/C may have strong water retention ability in
the catalyst layer regardless of the PEMFC operating temperature. On the contrary,

Pt/C-PNIPAM showed a contact angle hysteresis of very small value only at
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70 C, which elucidates the catalyst layer with Pt/C-PNIPAM could become
much hydrophobic in PEMFC operation at 70 C. The contact angle hysteresis
data was the most critical factor to be sure of the utilization of PNIPAM on the
carbon surface for the water management in PEMFC.(137, 138)

As shown in Figure 4-6, the MEA using Pt/C-PNIPAM as a cathode
catalyst definitely showed much higher unit cell performance than that using Pt/C
at 70 C. PNIPAM on the carbon surface affected the fuel cell performance
exactly in the high current region related to water flooding. The PEMFC
performance in the low current region was the same as that of Pt/C since Pt
catalyst of Pt/C-PNIPAM was not affected by the selective functionalization of the
carbon support. Though, in the high current region, the MEA with Pt/C-PNIPAM
was possible to have high power density since water flooding was reduced by
hydrophobic property of PNIPAM-functionalized carbon surface. Additionally, the
semi-circles in low frequency region of the electrochemical impedance
spectroscopy (EIS) indicated that the mass transfer resistance of Pt/C was larger
than that of Pt/C-PNIPAM in Figure 4-6. When the EIS data was fitted and
calculated by the equivalent circuit (Figure 4-7a), the Warbug impedance of Pt/C
was much larger than that of Pt/C-PNIPAM although the current density Pt/C-
PNIPAM was higher than that of Pt/C at 0.65 V. It means that the removal rate of
water from Pt/C-PNIPAM was increased, and oxygen could rapidly access to the

Pt catalyst through the hydrophobic carbon surface.
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To understand the improvement of water transport in the catalyst layer
with Pt/C-PNIPAM, we propose here simple theoretical model. A competition
between systematic pressure as driving force (Fq) and adhesion force between
solid-liquid interface as resistant force (F;) might determine the extent of water
transported through pores in the MEA. The MEA surface of Pt/C and Pt/C-
PNIPAM is highly hydrophobic. Hence, pressure differential (AP) should
overcome Laplace pressure (AP) to force water into pores.(139) The relation is

expressed in force term as,

2Ywlcos6|

Fq 2 APA = < >(7trp2) = 2nr,yylcosfl,  6=90°

rp
, Where v, is surface tension of water, r, is radius of pore and 6 is contact angle of
pore surface.

When considering counterpart term, water transport is inhibited by
adhesion of water on pore surface. The hysteresis in the adhesion energy (AW)
between solid-liquid interfaces can be gained by measuring contact angle
hysteresis.(63, 137, 140) Accordingly, the resistant force of water transport can be
obtained as,

E. = AWl =y, (cosb, — cosHa)(anp)
where 6, is receding contact angle and 6, is advancing contact angle.

For comparison, a term Fq4 divided by F, is used to indicate the extent of water

transport.
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F, |cosB|

F. ~ (cos6, — cosf,)

The right side value of Pt/C is 3.0, and that of Pt/C-PNIPAM is 18.4, which is
increased by about six multiple. It indicates that Pt/C-PNIPAM was possible to
easily remove water from the carbon surface in the catalyst layer. Therefore, the
improvement of water management in the catalyst layer with Pt/C-PNIPAM can

be explained by a simple mathematical model.
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4-1-4. Summary

Pt/C catalyst was selectively functionalized by thermally responsive
PNIPAM to give the carbon surface hydrophilic and hydrophobic properties
simultaneously. During the MEA fabrication and PEMFC operation, Pt/C-
PNIPAM was able to change its surface property according to required
temperature. It was well mixed in the catalyst ink at a room temperature, and
showed consistent unit cell performance in the low current density region without
affecting Pt catalyst in the PEMFC operation. However, in the high current
density region, hydrophobic property of Pt/C-PNIPAM made the power density
much higher due to fast removal of water and rapid oxygen accessibility to the Pt
surface in the catalyst layer. Consequently, it was confirmed that selective
functionalization of the carbon support with thermally responsive polymer was
successful for the water management in PEMFC. In addition, it is considered that
the present synthetic idea and experimental results may provide a new insight for
various energy device applications using organic and inorganic composite

materials, functional polymer depending on the purpose.

88



4-2. High Performance Ultra-thin and Free-standing Multiscale
Nafion Membrane via Enhanced Proton Conductivity with

Increased Reaction Area

4-2-1. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) has been studied as an
environmental-friendly energy conversion device that provides high efficiency of
electricity generation (26, 112). Although there have been extensive studies for
improvement of PEMFC performance such as developments of high performance
electrocatalyst, membrane and novel structure of membrane electrode assembly
(MEA), several technical challenges including the sluggish oxygen reduction
reaction (ORR) and low utilization of catalyst in MEA have been remained for
commercialization of PEMFC (113-115). Especially, Nafion membrane that
selectively transport proton from anode to cathode has an critical effect on the
performance in PEMFC relating to internal resistance. Of course, minimizing
membrane thickness as possible in MEA is better to reduce the resistance resulting
in higher performance (33). Nevertheless, adjusting membrane thickness is limted
by several practical issues including mechanical strength, electrical short and fuel

crossover (33). To address the above problem, a first trial of facile multiscale
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approach to get thin membrane with high robustness and augmented triphase
boundaries (TPBs) which are regions of electrochemical reaction, resulting in

enhanced performance has been proposed.
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4-2-2. Experimental

Preparation of multiscale Nafion membrane via thermal imprinting process.

Nafion membrane (Nafion 212, Dupont) was uniformly placed onto as-
prepared multiscale PDMS mold and glass substrate. Then, the sandwich
assembly was imprinted under hydraulic pressure (10~20 kg cm™) and
temperature (~120 C) for 30 min. After cooling down to room temperature,
patterned Nafion membrane were peeled off from the PDMS mold and keep

Nafion membrane into deionized water container for ~12 hrs.

Membrane electrode assembly (MEA) preparation.

A catalyst slurries for the anode and cathode catalyst layer were
fabricated by mixing 40 wt.% Pt/C (Johnson Matthey), Nafion ionomer solution
and 2-propanol (Sigma Aldrich). Multiscale and flat nafion membranes (Dupont)
were used after the pretreatment. They were boiled in 3 % hydrogen peroxide
solution, and rinsed in D.I. water. After that, they were soaked in 0.5 M H,SOq,
and washed again in D.I. water. Each procedure in the solutions was performed at
80 °C for 1 h, respectively. The prepared catalyst slurries were sprayed onto the

anode and cathode parts of the Nafion membrane. The Pt loadings were equally
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0.12 mg cm™ in the anodes and cathodes of the MEAs, respectively. The catalyst-
coated membranes (CCMs) were dried at room temperature for 12 h, and
sandwiched between the anode and cathode gas diffusion layers (GDLs, SGL 35
BC) without hot press process. The active geometric areas of the MEAs were 5.0

cm?.

Physical analysis.

Magnified optical images were seen using an optical microscope
(Olympus 1X70, Japan). Field emission-scanning electron microscopy (FE-SEM)
was conducted using a SUPRA 55VP (Carl Zeiss) to measure morphology of the
various sample used in this paper. The Fourier Transform Infrared Spectroscopy
(FTIR) spectra were obtained using Vertex 70 with FT-IR spectrometer
(BRUCKER). IR radiation was detected by a liquid-nitrogen-cooled mercury
cadmium telluride detector. FT-IR data were obtained to monitor the degree of

photopolymerization of PUA as a function of UV exposure time.

Electrochemical measurements.

For the single cell performance test at 80 “C, humidified H, and O, (air)

gas were flowed into the anode and cathode, respectively. The stoichiometric
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coefficient of H,/O; (air) was 2.0/9.5 (2.0), with total outlet pressure of 150 kPa.
Also, the RHs for the anode and cathode gases were 100 %. The proton
conductivity (o) of membrane is calculated using the equation, 6 = d/RS, where d

is the distance between the reference and sensing electrodes, and S is the cross-

section area of a membrane.
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4-2-3. Results and Discussion

For an evaluation of multiscale engineering that takes advantages of each
micro/nanoscale structure at the same time, we constructed a multiscale polymer
electrolyte membrane fuel cell (PEMFC) by incorporating multiscale architectures
into Nafion membrane that selectively transport proton (H+) from anode to
cathode in PEMFC (Figure 4-9a). To enhance the device performance,
developments of high performance electrocatalyst(141, 142), membrane(143, 144)
and novel structure of membrane electrode assembly (MEA)(145) have been
extensively studied in several decades. Of these, approaches on reducing
resistance in Nafion membrane has been explored including lowering thickness of
membrane(146). However, reducing Nafion thickness in MEA is still challenging
and impractical due to the low mechanical properties of Nafion membrane(33).
We demonstrate here a first trial toward multiscale imprint onto Nafion membrane
(Figure 4-9a, b). Remarkably, the multiscale Nafion membrane has two distinct
structural and physicochemical advantages for the enhanced performance; i)
outstandingly elevated surface area for augmenting of triphase boundaries (TPBs)
that are region for electrochemical reaction and ii) reduced effective thickness that

increases proton conductivity with short transport path.
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Figure 4-9. Multiscale engineering in polymer electrolyte membrane fuel cell
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device operation with multiscale Nafion membrane. (b) Scanning electron
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Figure 4-9c shows enhanced proton conductivity according to different
dimension of patterns on Nafion membrane. In the results, the proton conductivity
is inversely proportional to average thickness that is reduced after the imprinting
due to the height of carved patterns, where the tri-level architectures (multiscale
Nafion membrane) ensured most superior conductivity through hierarchical
leveling. Structurally, the multiscale Nafion membrane is consisted with three
different thicknesses (L1 > L2 > L3, where L1 is original thickness of membrane
(~ 50 um) (Figure 4-9a). As thin Nafion membrane is prone to be fragile during
catalyst coating process, the L1 gives a clear geometrical reinforcement by
hierarchical leveling to relatively thin areas with a thickness of L2, L3 (23).
Thereby the both regions (L2, L3) directly affected to the reduced membrane
resistance, leading to enhanced performance because the membrane resistance
follows ohm’s law that is proportional to the distance between two points of
conductor. The Nafion membrane was imprinted with good fidelity of original
mold as shown in Figure 4-10. Furthermore, to check feasibility of nano imprint
lithography for Nafion membrane, we conducted experimentals of swelling test of
nanopattern-carved nafion membrane after soaking in deionized water for 1day
(Figure 4-11). The nano patterns on Nafion membrane still remained and were
similar with original pattern shapes, so that deformation of original patterns via
swelling does not affect seriously in the electrode of MEA. Moreover, heat and

pressure during imprint process does not affect the performance of PEMFC as
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shown in Figure 4-12, so that we confirmed the feasibility of nanoimprint
lithography on Nafion membrane. By taking account the structural advantages, we
constructed PFMFCs by spraying Pt/C catalysts onto the both sides of membrane.
When operating the MEA with multiscale membrane in a condition of fully
humidified H,/O,, it exhibited outstanding performance compared to a
conventional one as shown in the Figure 4-9d. It should be noted that MEA with
multiscale membrane showed remarkable performance improvement within DOE
conditions (145, 147). The maximum power density increment of ~42.3% was
achieved in case of H,/O, condition under ambient pressure (Figure 4-9d). This
challenging enhancement is also owing, in part, to the multiscale roughness that
enlarge the surface area of Nafion membrane as 1.96 times compared to

conventional one as shown in Figure 4-13.
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4-2-4. Summary

We have presented a facile yet versatile strategy for multiscale
engineering with multiplex lithography. The method involves a series of well-
eastabilished procedures including quantitative control of oxygen-inhibition effect
to form dual phase bricks from UV-curable polymer and multiplex stacking and
curing steps for a LEGO-like deformation. It provides a economically viable route
to multiscale engineering by incorporating the multiscale arthitectures into various
engineering devices, which takes advantages from each structure in both
micro/nanoscale. As remarkable application, multiscale PEMFC was presented
with a enhanced proton conductivity, yielding high performance under reliable
manners. By taking account the structural advantages, when operating the MEA
with multiscale membrane in a condition of fully humidified H,/O, (or Hj/air), it
exhibited outstanding performance compared to a conventional one. It should be
noted that MEA with multiscale membrane showed remarkable performance

improvement within DOE conditions.
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