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ABSTRACT

Spray-assisted layer-by-layer (Spray-LbL) assembly is used to achieve vertical transfer of
silicon microwire arrays into an ion-conducting, ultrathin polymer membrane. The choice of
LbL platform and the properties of the silicon surface control the film morphology, generating
either a conformal coating around each wire or a bridging film across the top of the array.
Multilayer transfer printing is used to merge together separately assembled free-standing
membrane/microwire assemblies into a single functional film. This technique offers an
attractive option relative to traditional materials for microfabrication of Si devices such as
solar-driven water splitting systems, capacitors, or electrochemically active electrodes.

Transparent mixed conducting polymer films with conductivity above 0.1 mS/cm are highly
desirable for photoelectrochemical cell membrane applications. Mixed conducting polymer
composite PEDOT:sPPO was incorporated into LbL films and the composition ratio of the
film components was varied to generate a series of films with tunable transparency and
electrical and protonic conductivities. The visible light transmission properties are excellent:
1.1 pm thick films with 150 mS/cm electrical conductivity have 80% transmission of light in
the visual range. The electronic and ionic conductivities are inversely related, as one can be
increased at the expense of the other. The highest ionic conductivity recorded was 4 mS/cm
for 4.6 um thick films with 2 mS/cm electrical conductivity. Electron microscopy was used to
provide insight into the effect of film morphology on electrical conductivity, and temperature
dependent impededance spectroscopy and ion exchange capacity measurements yielded
insight into the ionic conductivity changes.
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Chapter 1.

Introduction: Solar Fuels
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1.1 Motivation and Background

The efficient and economical conversion of solar energy into stored chemical fuels is
one of today’s chief scientific and technological challenges. Enough solar energy reaches the
surface of the earth in one day to power the entire world’s energy consumption for more than
20 years. However the temporal and geographical mismatch between solar energy production
and demand results in a need for economical, efficient, portable solar energy storage.' One of
the challenges of integrating renewable sources of energy directly into the current power grid
system is the degree of supply uncertainty that they provide. The use of renewables increases
the need for reserves and regulation from fuel-based generators, which adds cost and detracts
from some of the environmental benefits of using renewables. For example at 1.5% renewable
penetration, the need for reserves ris prected to add an extra $2.50 - $5 per MWh of
renewable generation.” Because regulation from generators is expensive and produces
greenhouse gases, there is a need for economical and efficient solar energy storage. Artificial
photosynthesis, the use of solar energy to directly generate H;, or other fuels, is a huge area of
research focused on filling this need."

An economical and non-greenhouse-gas-producing source of hydrogen is also needed
to enable the infrastructure required for hydrogen fuel cell vehicles. Consumer-level hydrogen
fuel cell electric vehicles are coming to market in California in 2015.* California currently has
9 hydrogen filling stations in operation, only one of which uses solar powered electrolysis to
produce hydrogen on site.” The majority of the others rely on natural gas reformation, which
is more expensive than gasoline (currently $8-10 per gallon of gasoline equivalent in CA) and

produces CO; (Figure 1.1).
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1 kg H, = 1 gal. gasoline
This car holds
o 4 kg H, at 70 Mpa (~10,000 psi)
and can travel 50-60 mi/kg

Steam-Methane Reforming Reaction
CH, + H,0 (+heat) - CO + 3H,

Water-Gas Shift Reaction
CO + H,0 - CO, + H, (+heat)

In California:
$8-$10/ kg H,
(from natural gas reformation)

Figure 1.1. Mercedes-Benz B-Class F-CELL hydrogen fuel cell electric vehicle. These cars
have been in operation in Europe and the US since 2010, and similar versions will be

available to consumers in CA in 2015.

Solar powered water electrolysis could provide energy storage and a source of carbon-
free hydrogen. The average American home uses 20 kW-h of electricity per day: this amount
of electricity could be supplied by splitting 5.5 L of water per day.® To put this number in
context, a standard toilet flush uses 6 L of water, and the average American family of four

uses 1500 L of water per day.’

Water Splitting

2H,0 — 2H; + 0Oy

4H* + 4e” —— 2H2
2H,0 — 0O, + 4e”

Figure 1.2. Equation for water-splitting.

Jaramillo et al. performed an extensive study of the technoeconomics of
photoelectrochemical H; to determine if this method of producing hydrogen could be cost

competitive with natural gas (target $2-4/ gallon of gasoline equivalent).® They determined
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that efficiency of the process is the biggest cost driver,® and that cost effective H, could be
produced using the current state-of-the-art materials.*®®

‘Nocera et al. published an artificial leaf dévice\ that was 2.5% efficient at 1 sun.'
However, this device did not contain a membrahe, resulting in several disadvantages. In this
device proton transport occurred through the electrolyte around the sides of the deviée, which
is a relatively long distance for ion transport, and thus resulted in substantial Ohmic losses.
Additionally, without a membrane to provide gas separation, a dangerous mix of gases could
be produced (the safety limit for hydrogen in oxygen is 4%). Also, in order to separate out the
desired hydrogen product, various engineering solutions would need to be employed, thus
adding to the cost. Developing a membrane for a wireless, membrane-supported artificial

photosynthesis device is the goal of the work described herein.

1.2 Center for Chemical Innovation Device Design

This project was designed as part of the National Science Foundation Center for
Chemical Innovation on Solar Fuels, which was composed of a large group of collaborating
scientists from across the US who were each working on separate aspects of a proposed solar-
powered water-splitting device.” The proposed device design (Figure 1.3) involves
microstructured semiconductor photoelectrodes in order to orthogonalize the directions of
light absorption and charge transport.'® This‘ allows a long distance through which to absorb
light because inorganic materials typically have lower absorption coefficients than organic
materials. The charges generated can travel in the radial direction, allowing the use of cheaper
materials with lower charge diffusion lengths than the more expensive single crystalline

materials.'"® The cathode is envisioned to be Si microwires, and the anode would be a

16



semiconductor material with a complimentary band gap to Si, such that more of the solar
spectrum can be absorbed and the additive voltage from the band gaps will be enough to drive
water splitting without an external voltage source (which requires 1.23 V plus overpotential,
which is dependent on catalyst choice). Oxygen and hydrogen evolving catalysts will be
coated on or attached to the photoelectrode wires. The device is supported by a
multifunctional membrane. The ideal membrane would be mixed conducting, have low
permeability to H> and O,, be optically transparent and water stable. Each of these properties

will be discussed in detail below.

water oxidation

sunlight catalyst

conducting
membrane

catalyst

semiconductor
microwires

Figure 1.3. Proposed wireless solar-powered water-splitting device design.

The membrane in the device is required to be mixed conducting, essentially replacing
both the wires and the salt bridge of a typical electrochemical cell. With the membrane
providing electrical conductivity, the microwires of the anode and cathode need not be

aligned. The membrane must be protonically conducting because a pH gradient will be
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formed as protons are produced at the anode and reduced to hydrogen at the cathode.
Whichever conductivity is lower will set the ohmic losses for the device, so ideally the ionic
and electrical conductivities would be close to equal. Modeling studies have suggested a
target minimum conductivity of 8 mS/cm for a 40 um thick membrane based on allowing less
than 1% voltage losses and a current density of 20 mA cm (this current density is based on a
solar photon flux of 4 mmol s m?).!! More extensive modeling studies taking into account
various device architectures have suggested an even lower minimum conductivity target of
0.1 mS/cm for membranes less than 10 um thick. 2

| Another membrane requirement is low hydrogen and oxygen permeability, so that\ the
membrane can act as a separator between the product gases. If the membrane is too
permeable, a dangerous level of hydrogen and oxygen mixing can occur, and this would also
provide a back current that would reduce the efficiency of the device. There is a trade—off
between permeability and conductivity and light absorption. Thicker films will have less gas
crossover, but higher resistance and'”—.light absorption. A recent modeling study by the Joint
Center for Artificial Photosynthesis (JCAP) examined the tradeoff between gas permeability
and conductivity and the effects on device i)erformance.ls They found that the ionic
conductivity can drop to 1.2 mS/cm with only a 5% loss in net H, collected compared to using
a Nafion membrane with ionic conductivity of 100 mS/cm."> However if the gas permeability
droped by an order of magnitude compared to Nafion permeability (H, permeation coefficient
of 1.6x10™"! mol cm™s"bar”! and O, coefficient of 1.05x10"! mol cm's'bar), the net H,
collected increased by 63.5%."> Thus the device efficiency is much more sensitive to gas

crossover than to ionic conductivity.
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Additionally, the membrane must be minimally absorbing in the visible range, so that
the wavelengths of light that are too long to be absorbed by the photoelectrode with the higher
band gap can pass through the membrane to be absorbed by the material with the lower
bandgap. The membrane also has mechanical strength and water stability requirements to
supl;ort the wires while immersed in water. Additionally, the membrane should be easy to
fabricate, in order for the ultimate device to be economical.

There are no current materials that can fulfill all of the requirements of this
multifunctional membrane. The goal of this work was to develop new materials that can fill
this gap. Another goal was to develop microfabrication techniques to generate structures like
the proposed device. Ideally the technique used would be modular, so that the anode and
cathode microwire/membrane assemblies could be fabricated separately, and to provide
design flexibility as the ultimate materials and components are areas of active research and as

such, subject to change.

1.3 Choice of Materials and Techniques

If we were to choose two random polymers off the shelf and attempt to generate a
blend, we would have little control over the mixing and morphology of the polymers at the
nanoscale. Hence for our goal of combining an electrically conducting polymer and an
ionically conducting polymer into a mixed conducting ﬁhn, we chose to use layer-by-layer
(LbL) assembly because it allowed us to avoid the limitations of traditional polymer blends.
LbL is a versatile water-based thin-film fabrication technique that utilizes alternating layers of
complimentary functionalized materials, such as oppositely charged polymers, or hydrogen-

bond donor- and accepter-containing polymers.!* A variety of nanomaterials can be
P g polym
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incorporated in addition to polymers such as carbon nanotubes,'> polymer nanofibers,'® and
inorganic nanoparticles,'’ and nearly any substrate can be used. A typical LbL process
involves immersing a negatively charged substrate into a dilute aqueous solution of
polycation, followed by a series of rinse steps to remove excess polymer, leaving enough
polymer behind to reverse the surface charge. Then the substrate is immersed in a polyanion
solution, again followed by rinse steps (Figure 1.4). This process constitutes one bilayer (BL)
and can be repeated to generate films of the desired thickness. LbL films are not highly
stratified, as there is interpenetration between the layers, so LbL can create materials that are
essentially nanoscale blends. Other advantages of the LbL technique for this application are a
high degree of composition control, adaptable aqueous processing conditions, and nanometer
scale thickness control. Several platforms can be used for LbL assembly, including dipping,

spraying,'® spin-assisted assembly,'® and roll-to-roll processing.

nano-scale,
highly
interpenetrated
composite film

A

Figure 1.4. Illustration of the layer-by-layer assembly process.
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For the ion-conducting component of our membranes we chose to use sulfonated
poly(2,6-dimethyl-1,4-phenylene oxide) (sPPO), which has an extremely high ionic
conductivity of 400-600 mS/cm with a degree of sulfonation above 80%. However, sPPO is
water soluble, so it needs to be stabilized in order to be used as a membrane in water. Using
sPPO in an LbL film introduces electrostatic cross-links that stabilize the film in water. An
LbL system composed of sPPO and poly(dimethyldiallylammonium chloride) (PDAC) was
shown to have ionic conductivity of up to 70 mS/cm when fully humidified.”” PDAC/sPPO
was also shown to have low permeability to small molecules such as methanol. Using
PDAC/sPPO coated Nafion as the proton exchange membrane in a direct methanol fuel cell
resulted in an increased power output of 50% due to the decreased fuel cross-over.”’ Thus we

hypothesized that the use of these polymers would help regulate H, and O, crossover as well.

UV-Vis spectra for 100 nm thick conducting

polymer films
0.35
03
o 025
g 0.2
£
2015
s
0.1
0.05
0
350 450 550 650 750 850
wavelength (nm)
~——LPEI/MWNT ——PANI/sPPO ——PEDOT

Figure 1.5. UV-Vis absorption spectra for 100 nm thick conducting polymer films of spin
cast PEDOT:PSS, LbL assembled PANI/sPPO, and LbL assembled LPEI/MWNT (linear

polyethylene imine/ amine functionalized multi-walled carbon nanotubes).

For the electrically conducting component we initially chose to work with polyaniline

(PANI), which is cationic when in its conductive emeraldine salt phase, and amine-
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functionalized carbon nanotubes (MWNTs). However these materials are very strongly
absorbing in the visual range, and so they were abandoned in favor of poly(3,4-
ethylenedioxythiophene) (PEDOT) which is one of the most transparent and stable conducting

polymers.?!

1.4 Thesis Overview

)

The objectives of this thesis were to develop materials and fabrication methods that
could be used to generate transparent mixed conducting membranes and to integrate them
with microstructured electrodes for photoelectrochemical cells.

Chapter 2 discusses fabrication methods té incorporate LbL films with silicon
microwires in a controlled fashion. The factors that determine the location of film formation
on microwire arrays are identified. The LbL multilayer transfer printing technique is adapted
to combining separate membranes in order to fabricate modular structures. A proof-of-
principle model device structure containing two silicon wire arrays supported in a proton
conducting membrane is assembled.

Chapter 3 discusses new transparent mixed conducting materials with tunable
properties. The morphology of these materials is investigated to understand its effect on
electrical conductivity. Also described is the use of impedance spectroscopy to /separate the
ionic and electrical conductivities, as well as experiments to understand the cause of ionic
conductivity improvements.

Appendix A contains data on the early efforts towards mixed conducting LbL films of

sPPO with PANI and MWNTs.
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Appendix B illustrates preliminary efforts to combine the mixed conducting materials

of Ch. 3 with the fabrication methods of Ch. 2.
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Chapter 2.

Microfabrication of Ion-Conducting
Membrane-Electrode Assemblies by Spray
Layer-by-Layer Assembly

conformal coating

bridging film

etac
l substrate

e
multilayer-
transfer
printing
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ABSTRACT: Spray-assisted layer-by-layer (Spray-LbL) assembly is used to achieve vertical
transfer of silicon microwire arrays into an ion—conducting,‘ ultrathin polymer membrane. The
choice of LbL platform and the properties of the silicon surface control the film morphology,
generating either a conformal coating around each wire or a bridging film ’across the top of the
array. Multilayer transfer printing is used to merge together separately assembled free-
standing membrane/microwire assemblies into a single functional film. This technique offers
an attractive option relative to traditional materials for microfabrication of Si devices such as

solar-driven water splitting systems, capacitors, or electrochemically active electrodes.

2.1 Introduction

Arrays of vertically aligned semiconductor micro- or nano-wires are important
components in a variety of devices such as solar cells,' artificial photosynthesis systems,’
thermoelectric modules,” and field-effect transistors. Most of these arrays have been
generated either by etching or by chemical vapor deposition processes on bulk semiconductor
wafers; however, to be used in active devices, it is necessary to manipulate these arrays and
embed them in other matrices with characteristics such as ionic conductivity, electronic
conductivity, spécific membrane - properties, and/or a range of mechanical properties.
Additionally, the wire arrays must be removed from the substrate to take maximum advantage
of their unique optical and electronié properties.” Furthermore, such removai allows for the ,
. reuse of the original substrate as an epitaxial growth support for producing additional wire
arrays.® The embedding of semiconductor wire arrays into polymers can create flexible
electronics, which in turn would enable the use of such systems in new applications such as

wearable electronics’ and the opportunity to exploit inexpensive processing techniques.®
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Vertically oriented micro- and nano-wire semiconductor arrays have been embedded in
polymers such as polydimethylsiloxane (PDMS),° poly(methyl methacrylate) (PMMA),’ and
paralene,*® but few systems have utilized functional polymers as the supporting medium.?

We were intrigued by the properties that might arise from the combination of
semiconductor microwire arrays with functionalized polymers. We were further inspired to
develop such a composite material by a proposed device structure consisting of two sets of
microwires supported in an ordered, vertical arrangement on opposite sides of an ionically
and electronically conducting polymer membrane. Such a device would require a method of
transferring the wires into the membrane and would ideally be modular, such that both sets of
wires could be grown separately. In order to investigate the fabrication of a model device, we
chose to use silicon microwires grown by a VLS process (vapor-liquid-solid mechanism of
chemical vapor deposition) from a patterned silicon wafer, with dimensions that have been
optimized for use in photovoltaic® and photoelectrochemical devices.?

To deposit the functionalized polymer onto the wire array, we selected layer-by-layer
(LbL) assembly. LbL is a versatile fabrication technique that involves sequential adsorption of
complementary functionalized materials, such as oppositely charged polyelectrolytes, from
aqueous solutions.” The LbL approach affords the ability to generate thin-film composites that
are effectively nanoscale blends. Herein we focus on the use of an automated spray layer-by-
layer (Spray-LbL)10 technique, which has the advantage of dramatically reducing assembly
time compared to the more traditional method of dipping the substrate with its nascent

composite film into the polyelectrolyte solution (Dip-LbL). Dip-LbL films have been shown

to conformally coat complex substrates, however, Spray-LbL has been used to modulate the
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manner by which multilayer thin films coat membranes and other porous surfaces: either
conformally coating or bridging pores dépending on the conditions used.'®

Herein we describe the use of layer-by-layer (LbL) assembly to achieve the transfer of
vertically oriented silicon microwire arrays into an ion-conducting, ultrathin pblymer
membrane. We have exploited the nature of film formation on highly structured surfaces to
create microstructures that are appropriate for device assembly with microwires. Two ion-
conductive LbL systems were used as model functional membranes to explore the suitability
of the Spray-LbL method for embedding énd transfer of silicon microwire arrays. We chose to
look at both a weak (LPEI/PAA)'! and a strong (PDAC/sPPO)'? polyelectrolyte pair because
they exhibit different assembly behaviors, as described in detail in previous work.

The ability to control the thickness of the film with nano-scale accuracy, to fine tune
its composition along the z-ciirection, and to limit film formation to specific regions of the
wire array are attractive features of the LbL method that distinguish it from the use of bulk
polymers. Another advantage over bulk polymer methods is that polymer-on-polymer
stamping" and multilayer transfer' techniques have been developed to print and manipulate
| LbL films post-assembly, and these techniques can be used to create complex micro-patterns
in 2-D."® Our current work extends the use of multilayer transfer to 3 dimensional structures,
allowing LbL films to be used as glué to assemble modular structures while still retaining the

conductive properties of the films.

2.2 Materials and Methods

2.2.1 Polymer solutions: PPO (MW = 23,000), PDAC (MW = 240,000), and PEO (MW =

4,000,000) were obtained from Sigma-Aldrich. LPEI (MW = 250,000) and PAA (MW =
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90,000) were obtained from Polysciences. SPPO was synthesized as reported previously.'?*

The concentration of the PDAC and sPPO polymer solutions was 10 mM (based on repeat
unit MW). The pH of these polymer solutions was adjusted to pH 2 by the addition of HCI,
and the ionic strength was adjusted by addition of NaCl. Rinse solutions were adjusted to the
same pH and ionic strength as the polymer solutions. For the LPEI/PAA films, the polymer
solutions were 20 mM in concentration and were adjusted to pH 4.75 with HCI or NaOH, and
the rinse solutions were deionized water with no pH adjustment. Surface tension of the
polymer solutions was measured using drop shape image analysis.

2.2.2 Silicon Wire Growth: Si microwire arrays were patterned and grown as described
previously.® Wire arrays ;avere grown from Si(111) wafers patterned with regularly spaced
arrays of catalyst islands. These were produced by photolithographically patterning
photoresist on an oxide covered Si wafer, etching away the oxide layer by exposing the wafer
for 4 min to buffered HF, followed by thermal evaporation of 300 nm of Cu, and lift-off of the
resist. After application of catalyst, samples were annealed in a tube furnace at 900-1000 °C
for 20 min under 1 atm of H; at a flow rate of 1000 sccm, followed by wire growth at the
same temperature under 1 atm of H; and SiCls, at flow rates of 1000 and 20 sccm,
respectively. Time allowed for wire growth controlled wire height. Upon removal from the

growth reactor, the wire surfaces became oxidized. Total array areas were ~ 6 cm?.

Wire Center to . .
Diameter | Center Pitch G;rr;lae);:ry er(e He)lght
(um) (m) -
0.7 2.5 square 140-150
1.8 7 square 25-100
7.5 20 hexagonal 40
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2.2.3 Silicon Substrate Treatment: All planar and microwire array Si substrates were
cleaned to remove contaminants, native oxide, and Cu catalyst by repeating this scﬁes of steps
twice: 1, 10 s in 10% é.q. HF, 2. Water rinse, N, blow dry, 3. 20 min at 70 °C in 6:1:1 by
volume water: conc. HCI: 30% H>0,, 4. Water rinse, N, blow dry. For the Si-H substrates, the
surface was treated with 10% aqueous HF for 15 s, rinsed with water and dried immediately
before use. For the Si-OH substrates the sample was placed in an O, plasma cleaner for 4 min
on high power prior to use. For the Si-(CH,)>(CF>)sCF; substrates the samples were incubated
with 1 mL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane in a vacuum dessicator, active
vacuum was applied for 5 min, then the deésicator was sealed overnight. The substrates were
washed with hexanes and acetone before use.

2.2.4 Dip layer-by-layer assembly: A programmable ZEISS DS50 slide stainer was used to
deposit films. To construct LbL films, substrates were immersed in a 10 mM PDAC solution
for 15 min, then in a series of three water rinse baths for 2 min each, followed by immersion
into a 10 mM sPPO solution for 15 min, then into a series of three water rinse baths for 2 min
each. This process produced one bilayer (BL). The process was repeated until films had the
desired thickness.

2.2.5 Spray layer-by-layer assembly: A programmable sprayer was used to deposit films."*®!
Substrates were held in a vertical orientation 7 in. from the spray outléts and rotated at 20 rpm
while being sprayed at 22 psi for the specified time (1-10 s) at rate of 0.25-0.3 mL/s. One
bilayer (BL) was produced via this series of spray steps: 1-10 s polycation solution, drain
time equal to spray time, 5 s rinse spray, 5 s drain, 1-10 s polyanion solution (equal time
period as the polycation), drain, 5 s rinse, 5 s drain. This process was repeated until the

desired film thickness was attained.
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2.2.6 LbL film merging: LbL films w1th oppositely charged top layers, one ending in PDAC,
the other ending in sPPO, were enclosed in a humidity chamber for 30 min at 90% relative
humidity (RH). The films were then placed in contact and subjected to pressure (clamped with
a binder clip or placed under a glass slide with a 25 g weight on top), and were enclosed in a
humidity chamber at 90% RH for 1-48 h. Films were also merged while wet by placing a drop
of either a polymer solution (same solution as used for film assembly) or a 0.5 M NaCl
solution on the film surface, clamping them together with a binder clip, followed by drying in
an oven at 50°C for 2 h. The pressure (binder clip or weight) was removed after drying and
the films remained stuck together even when subjected to attempted manual separation.

2.2.7 Film Thickness: Thickness measurements were made by scoring films on flat substrates
(glass or silicon) with a razor blade. The step height betwéen the film and substrate was then
measured with a Dektak 150 surface profiler.

2.2.8 Microscopy: SEM images were obtained using a JEOL JSM-6060 SEM instrument on
Au-coated samples. Dimensions in the images were measured using ImageJ to determine the
number of pixels per micron. Cross-sectional images were obtained by freezing samples in
liquid nitrogen prior to fracturing them.

2.2.9 Ionic conductivity: Conductivity values were determined by impedance spectroscopy
(Solartron 1260 impedance analyzer), by sweeping the frequency from 100 kHz to 0.1 Hz,
with a sinusoidal voltage amplitude of 50 mV. Samples were enclosed in a humidity chamber
and were allowed to equilibrate for 30 min prior to the measurements. Impedance spectra
were modeled using an equivalent circuit consisting of a resistor (representing parasitic lead
resistance) in series with the parallel combination of a constant phase element and a resistor

(representing bulk electrolyte polarization and resistance to ion motion, respectively).!
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2.3 Results and Discussion

The morphology of LbL coatings can be controlled on the surfaces of micron-scale
wire arrays, as illustrated in the schematic (Figure 2.1). When coating high aspect-ratio arrays
with LbL films, conformal coatings can be formed around the surfaces of the wires, or
bridging films can be generated across the tops of the wires. Controlling the location of film
formation on the wire arrays is advantageous, as it allows customization of placement of the
film for the desired application. For example, if one wanted to coat the microarray with
capacitive elements, carbon nanotubes, electroactive, photoactive or other components, it
would be possible to do so with a great deal of control. To achieve a conducting interface
between microwire arrays, one can generate active or inert LbL films that bridge across the

base of the arrays.

conformal coating

32



Spray-LbL

bridging film

Figure 2.1  a) Schematic illustrating the Dip-LbL process and the resulting films that
conformally coat high aspect-ratio rods. b) Schematic illustrating the Spray-LbL set-up and
the proposed formation of a bridging film on a rod array. ¢) The sprayed solution forms
capillary bridges between the wires. d) Polyelectrolyte complexation results in film formation

on the meniscus of the capillary bridges.

2.3.1 Differences in film arrangement with Dip and Spray-LbL on microwire arrays
Layer-by-layer assembly has been touted for its ability to conformally coat complex
substrates, so our initial hypothesis was that coating high aspect ratio microwire arrays with
LbL films would result in conformal coating along the entire length of the wires. For example,
LbL has been shown to generate conformal coatings in nanofluidic devices with aspect ratios
of 20-75 (resulting from lateral dimensions of 200~500 nm and depths of 10—15 um)."® The
microwire substrates examined in this study have aspect ratios of 14-55 for the 1.8 um

diameter wires with heights ranging from 25-100 pm.
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Since we were interested in generating structures in which the wires were only
partially embedded in an LbL membrane, we anticipated that this would require a sacrificial
base polymer to protect most of the wires, allowing for film formation on top of this support,
followed by dissolution of the support. Sacrificial support polymers such as polystyrene,
estane, and mounting wax were applied to microwire arrays by dropcasting or spincasting
from solution, or melting on in the case of wax. Controlling the thickness of the base polymer
coating by these methods proved to be very difficult, and methods such as plasma etching and
HF etching were examined in order to modify the coating height.

However, building films by Spray-LbL on these partially filled-in wire arrays yielded
a surprising result: the LbL film formed a bridging film spanning the tops of the wires floating

above (not resting on) the base polymer (Figure 2.2).

Figure 2.2. a) SEM cross-sectional view of a Si microwire array with a polystyrene base
polymer and 100 BL PDAC/sPPO LbL bridging film. b) Top view of the same array showing

a continuous bridging film.

To investigate the causes and controlling factors for this bridging behavior and to
probe how the choice of LbL platform controls the location of film formation on high aspect
ratio wires, we coated silicon wire arrays with PDAC/sPPO films via Dip-LbL with an

incubation time on the order of minutes and contrasted them with wires coated by Spray-LbL
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with polymer spray times on the order of seconds. Key differences include the fact that in the
dip experiments, the microwire substrate is fully immersed in the dilute polymer aqueous
solutions and rinse baths, and polyelectrolyte is allowed to adsorb during the several minute
soak period. In the case of Spray-LbL, the sample is exposed to short second-long bursts of
aerosolized water droplets thatnhpax;t the surf%ﬁe of the array, which is oriented such that the
top surfaces of the microwires féce the direction of flow.

First we consider the case of adsorption of the LbL films using the more traditional dip
adsorption process on oxygen plasma treated siliéon inicrowire surfaces, which have a thin
layer of oxide on the surface that presents a negative charge. As shown in Figure 2.3a, dipped
films of PDAC/sPPO (assembled at pH 2 with 0.2 M NaCl) conformally coat the wires down
to a depth of 75 um. The coatings generated are 500 nm for 25 bilayers; this number
corresponds to a linear film growth rate of 20 nm per bilayer pair. This growth rate is
consistent with that observed for dipped PDAC/sPPO films on a planar silicon substrate. The
conformal coating was consistent with our hypothesis, but the limited penetration (75 um of
the total 100 um of the wire) was unexpected. The limited penetration of LbL films in this
process is likely due to thin pockets of air retained near the base of the immersed arrays, as all
surfaces exposed over this extended time period to the solution should have an adsorbed layer
of polyelectrolyte. The complete wetting of the array structure appears to have not been
achieved in these systems; this phenomenon may be due in part to limitations in the depth of
penetration of the cleaning solutions and plasma treatments, which may result in less
hydrophilic or even hydrophobic surfaces of silicon near the base of the array. Alternatively,
one might posit that the contact angle of water on these surfaces is insufficiently low for

capillary forces needed to fully wet the wires. This should be dependent on the interfacial
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tension at the air-water interface within the microarray, which in turn would vary with the
spacing or packing density of the wires. Wire array wetting and surface chemistry will be

discussed in further detail in section 2.3.5.

Figure 2.3 a) A dipped 25 BL PDAC/sPPO (0.2 M NaCl) film conformally coated 100 pm
tall silicon microwires to a depth of 75 um. The clustering of the wires due to capillary forces
while drying is reversible, as shown in the top down optical microscope images of the same
sample in a b) wet and ¢) dry state. d) A sprayed 50 BL PDAC/sPPO film only coated the top

10 pm of the silicon microwires.

By contrast, the sprayed films conformally coat only the top 10 um of the wires
(Figure 2.3d). Unlike the fully immersed samples, the Spray-LbL process involves the
propulsion of droplets onto a microwire array, which is predominantly surrounded by air.
Impact of droplets leads to pinning of the drops across the tops of the microwire arrays and
formation of capillary bridges spanning the spaces between the wires. The array is oriented
sideways (as shown in Figure 2.1), thus gravity does not force the water deeper into the array.
The polyelectrolytes are very dilute aqueous solutions, so they have high surface tension

characteristic of water (Table 2.1). High surface tension solutions further favor formation of
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capillary bridges. As the next polyelectrolyte solution is sprayed, polyelectrolyte
complexation happens on the meniscus of the capillary bridge, setting the limit of film
penetration into the array. For this reason, the film forms on the exposed portions of the wires
and along the water meniscus that bridges the void space between the wires (Figure 2.1), thus
forming a bridging film across the top of the entire array. As the array is then alternately
spray-rinsed and exposed to the oppositely charged polyion in the next steps, the LbL

complex forms and builds upwards from the location of the original meniscus.

Concentration Surface Tension

Solution @M) (mN/m)
Water 71.99 £ 0.05
PDAC 10 71.02 £0.01
LPEI 20 71.25+0.01
sPPO 10 68.71 £ 0.03

PAA 20 68.29 + 0.01

Table 2.1. Surface tension of polyelectrolyte spray solutions.

To take advantage of this interesting phenomenon, we would need to control the
penetration depth of the initial capillary bridge (and thus of the film) into the array. The main
forces involved are capillary forces and convective forces due to the kinetic energy of the
sprayed water droplets. If capillary wicking were the controlling factor, changes in surface
chemistry of the wires and in spacing of the array would be expected to have dramatic effects
on the penetration depth. If convective forces were controlling, parameters related to the

amount of solution sprayed and the spray time would be expected to have a greater effect on
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the penetration depth. The effects of changing these parameters are explored in the following

sections.

2.3.2 Effect of spray time and spray pressure on film penetration depth

To further understand the mechanism that controls the film penetration depth, the
effect of spray time and spray pressure was examined. A previous optimization study of
Spray-LbL parameters!” showed that incfeasing polyion spray time led to increases in film
thickness and roughness. For films sprayed on microwire arrays, increased spray time also
increased film penetration depth (Figure 2.4a-b). Once a capillary bridge forms between the
wires, the impact of subsequent drops of solution transfers the kinetic energy of the drops to
the capillary bridge and pushes it further into the array.

Likewise, increased air pressure leads to an increase of impact velocity of the drops on
planar substrates, and a subsequent increase of ﬁhn thickness and roughness.'” [Note: the air
pressure controls the impact velocity, but not the flow rate: the number of turns of the air
nozzle controls the flow rate, which was not varied in this work. A flow rate of 0.25-0.3 mL/s
was used]. With microwire array substrates, increasing the spray pressure above 20 psi led to
an increase in film penetration depth variability, but no statistically meaningful change in
mean film depth (Figure 2.4c). Spraying at 15 psi however led to a decrease of film depth. At
15 psi, there is a longer delay between when the air spray starts and when the liquid is pulled
up and starts spraying, so this decrease in film depth is likely explained by a decreased spray
time. Polymer spray time is one of the main controlling factors of the film penetration depth

of films sprayed on microwire arrays.
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Figure 2.4 Increasing the polymer spray increases the film penetration depth for a)
LPEI/PAA and b) PDAC/sPPO LbL films. ¢) Spray pressure versus film penetration depth for

LPEI/PAA films.

2.3.3 Wire clustering and critical thickness to observe film bridging in dry state

The silicon wire arrays studied here are vertically oriented and regularly spaced, but
after coating with LbL films, wire bending and clustering was often observed in the dry state.
Two forces are likely responsible for this behavior: capillary forces and film deswelling. In
the case of Dip-LbL, the wire arrays are fully immersed in solution, and as the array dries,
capillary forces bend the wires and leave them clustered together. The cohesive forces in the

water and the adhesive forces between the water and the wire surfaces are greater than the
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force required to bend the wires, leading to wire clustering. This process is reversible as
shown in optical microscope pictures of the top of a dip-coated array in the dry and wet states
(Figure 2.3b-c). Processes that minimize capillary forces, such as supercritical drying, or

replacing the water with a liquid of lower surface tension before drying would likely eliminate

[

7

this bending and clustering of the wires.

- However, in the Spray-LbL case, clustering and bending is only observed when lower
numbers of bilayers are sprayed, above a certain thickness, the wires remain vertical and
evenly spaced in the dry state and a bridging film is observed spanning between them.
Observation of the bridged film in thé dry state is dependent on the thickness and mechanical
properties of the film. The clustering upon drying is not reversible as seen in the Dip-LbL
case. This indicates that a different mechanism may be responsible for the clustering observed
in the sprayed wire arrays. Free-standing PDAC/sPPO films swell significantly in water
(16%), hence upon drying in air, the films contract as they lose water. Thus a competition
occurred between the shrinking-induced strain and the elastic modulus and dimensions of the
film. For very thin films, the strain predominates, and the bridging films will tear during
handling and drying; thus they were not observed in the dry state, and wire clustering and
bending is observed. However, above a critical thickness of ~ 2 pum the films were no longer
susceptible to rupture upon de-swelling, allowing the resulting bridged films to be observed in
the dry state. The rate of water removal can be controlled to address or impact film rupture to
some extent; for example, an acceleration of the drying process by drying films under a hot
optical microscope lamp led to rupture of films up to 3.5 pm thick (Figure 2.5c-€), and
similarly, slow drying in a humidified chamber or supercritical drying is anticipated to lead to

the isolation of thinner films in the dry state.
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Figure 2.5. Spraying 100 BL of PDAC/sPPO formed bridged films on a) 90 um tall and b)
30 um tall silicon wires. The film penetrates 8 pm into the array in both cases. ¢) A sprayed
75 BL LPEI/PAA film tore due to drying-induced shrinking under the hot light of an optical
microscope. d) The same film while still wet showed an ordered arrangement of the wires and
continuous bridging, e) but once it dried, the film was collapsed and ruptured and the wires

clustered together. This process was not reversible.

We did not observe an effect of wire height on the critical thickness required to
observe film bridging in the dry state (Figure 2.5a-b). Drying hydrogels have been shown to
bend high-aspect ratio silicon wires,' and we hypothesized that varying the aspect ratio of the

wires would change the force required to bend the wires and thus effect the critical thickness
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value. Shorter wires would require more force to bend them, so capillary forces during drying
may not be strong enough to bend and cluster the wires, this would allow bridging films to be
observed at lower thickness values in fhe drystate Iiowever this ‘hyp‘othesis was proven false
for this system at the aspéct ratios studied, as the c;itical bridging thickness was the same for
both 90 pm and 30 um tall wifes (with aspect ratios 50 and 16.6 respectively). It is possible
that the bending and clustering of the wires in the dry state is controlled by capillary forces
during drying (reversible process) in the case of the dipped wires, but is largely controlled by

film deswelling and rupture (irreversible process) in the case of the sprayed wires.

2.3.4 Impact of micrdwire array spacing on film bridging

We examined the effect of wire array diameter and spacing, spraying films on wire
arrays with three different geometries (Table 2.2). Previous studies of Spray-LbL on porous
membranes found that pores smaller than the 5 um droplet size of the spray can be bridged,
and that slightly larger pores (~ 10 um) can be bridged due to favorable interfacial
interactions.'® Pores greater than 200 pm were also shown to be bridged via polyelectrolyte
complex accumulation in droplets created by a Rayleigh-Taylor instability.'® The results of
the current study are consistent with the findings of these pore-bridging studies. The two wire
array geometries with empty spans smaller than 10 um exhibited bridging and film
penetration depth was the same in these systems, keeping other parameters constant. The
penetration depth being unaffected by wire spacing below a certain size is consistent with the
proposed mechanism of convective forces setting the penetration depth. If the depth were set
by capillary wicking into the array, changing the spacing would be expected to change the

capillary forces and thus the depth of penetration into the array.
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In the case of wire arrays with empty spans larger than 10 pm, bridging was not
observed, and the wires were conformally coated along their entire length (Figure 2.7a).
However, as thicker films were sprayed on the wires, increasing their effective diameter and
shrinking the empty space between the wires closer to 10 pm, bridging began to be observed
(Figure 2.7b-d). Top-down SEM images show incomplete bridging coverage and empty
spaces between the wires of 8-9 pm. The bridging film penetration depth in this case was

again the same as for the sets of more closely packed wires.

Radius Pitch Packing Spaii it
pm pm Geometry
0.35 2.5 square 1.8-2.8
0.9 7 square 52-8.1
3.75 20 hexagonal 125-22.5

Table 2.2. Wire array sizes and spacing. The empty space between the surface of one wire

and its nearest neighbors is listed in the “Span” column.

Figure 2.6 Illustration of square and hexagonal wire packing geometries.

radius
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Figure 2.7 a) A sprayed 50BL PDAC/sPPO film on 7.5 pm diameter wires conformally
coated the entire length of the wires. b-¢) A sprayed 100 BL LPEI/PAA film on the same size
wire array also conformally coated the length of the wires, but started to bridge in some areas
once the space between the wires was smaller. d) A top-down view of the same sample shows

incomplete bridging coverage.

2.3.5 Effect of silicon surface chemistry on wetting properties and film penetration depth

The capillary forces involved in film bridging can be modulated by changing the
surface energy of the wires. We probed the effect of surface wetting properties by studying
three different silicon surface chemistries: H-terminated, OH-terminated, and
(CH,)2(CF,)sCF; terminated. The water contact angles of planar silicon with these surface
chemistries were 75°, 24°, and 102° respectively (Figure 2.8). For the two hydrophilic
surfaces (water contact angles less than 90°), an initial contact angle for the wire array could

be measured, but within seconds the water drop spread out and disappeared from view as
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capillary forces drew the water into the void space between the wires. This behavior is
consistent with the Wenzel wetting model: roughness increases the surface area, which also
geometrically modifies the wetting properties. In contrast, the hydrophobic wires (water
contact greater than 90°) displayed a water contact angle of 150°. The wire array is more
hydrophobic than the planar surface, as explained by the Cassie wetting model for a liquid on
a composite surface in which one component is air.® Air remains trapped below the water
drop, increasing the hydrophobicity of the array because the drop sits partially on air (which

has a contact angle of 180°).

planar p-wire array

Si-OH

-24 : Cassie

Figure 2.8 Water contact angles on planar Si and microwires. Cartoons illustrating the

expected behavior for the Wenzel and Cassie wetting models. Wires with hydrophilic Si
surfaces follow the Wenzel model, while wires with hydrophobic surfaces follow the Cassie

model.

As expected, the surface chemistry of the silicon wires had a dramatic effect on the

film arrangement. Films penetrated twice as far into the hydroxyl-terminated (Si-OH)
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hydrophilic arrays than into the much more hydrophobic perfluorinated (Si-(CHa)2(CF2)sCF3)
arrays (Figure 2.9). Interestingly, there was no discernable difference between the Si-H and
the Si-OH surface chemistries, which were coated to equal depths; though it is worth noting
that both contact angles are below 90° for these two cases, making them both hydrophilic.
This indicates that there may be a switch in whether silicon surface wettability is the
controlling factor in determining penetration depth. For contact angles above 90°, capillary
forces may dominate, but for surfaces with contact angles below 90° other factors such as
convective forces control the penetration depth of the film. This general phenomenon was
consistent when the polyelectrolyte ion pair was changed from PDAC/sPPO to the weak
acid/base pair, LPEI/PAA. This switch in behavior between surface chemistry and other
factors controlling penetration depth of the film was also observed with Dip-LbL.
Hydrophilic wires were conformally coated to greater than 50 um as discussed previously, but

bridging films formed atop hydrophobic (Si-CH3) wires (Figure B.2).

Figure 2.9 Sprayed 75 BL films of LPEI/PAA on a) hydrophilic Si-OH terminated wires and
b) hydrophobic Si-(CHz)2(CF>)sCF; terminated wires. The film penetrated 10 + 3 pm into the

hydrophilic array, but only half as far, 5 + 2 um, into the hydrophobic array.

46



2.3.6 Use of Spray-LbL to fabricate microwire composite structures

To demonstrate the utility of spray-LbL to embed and support microwire arrays, thick
(>8 um) bridging films were assembled on the wires, followed by mechanically detaching the
wires from the substrate to yield free-standing LbL membranes (Figure 2.10). To
mechanically detach the wires, the substrate was glued to a glass slide to hold it firmly in
place, then a razor blade was applied at an angle to the edge of the array and scrapped across
the array with constant pressure, thus breaking the attachment between the base of the wires
and the substrate without damaging the LbL film. The LbL films acted as structural supports

for the wires and maintained the ordered arrangement of the original array.

. -

B Bew
e shewe

Figure 2.10. A Free-standing membranes of a) 250 BL PDAC/sPPO and b) 250 BL
LPEI/PAA can support the embedded wire arrays and retained the ordered arrangement of the
wires. ¢) Mechanically detaching the wires from the substrate with a razor blade. Optical

microscope images of the d) top and e) bottom of a wire array in a free-standing LbL film.
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Figure 2.11. a) Merged 300BL PDAC/sPPO films holding together glass slides. When
attempting to separate the slides, the glass broke before the film could be broken. b) Two
free-standing membrane wire assemblies of 250 BL PDAC/sPPO were merged together to

create a continuous film supporting a double stack of Si wires.

A further advantage of using LbL films as functional membranes to support electrode
arrays is that LbL films can be merged together, allowing for modular construction of separate
membranes followed by membrane fusion to create a composite film. Such films can act as a
connecting medium for Si wire electrodes that are embedded on each side of the polymeric
layer. Herein such multilayer-transfer techniques were used to merge PDAC/sPPO LbL films
by pressing together films with oppositely charged top layers in a humid environment. Films
merged in this manner were able to effectively “glue” together glass slides (Figure 2.11a). 300
BL PDAC/sPPO films on glass were subjected to 90% relative humidity (RH) for 30 min,
then held in contact with a binder clip for 24 hr at 90% RH. The binder clip was removed and
the films were allowed to dry at ambient humidity for 24 hr. When attempting to manually
separate the slides after this merging process, the glass broke before the films could be
separated. This technique was also extended to assemble multicomponent dimensional

structures, by merging free-standing ionically conducting membrane-microwire assemblies
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into a single functional film (Figure 2.11b). The humidified free-standing membranes were
placed in contact between glass microscope slides with a 25 g weight on top for 24 hr at 90%
RH. Cross-sectional SEM micrographs showed no visible gap or distinction between the two
membranes, indicating that continuous merging of the membranes had occurred.

To determine whether the interface between the merged films presented a barrier to
ionic conductivity, PDAC/sPPO films were merged at various conditions, and analyzed with
impedance spectroscopy (Table 2.3). Because of the very thin (< 20 pm) dimensions of these
films, the overall conductance was high, hence the conductivity was measured at low
humidity conditions so as to stay within the detection range of the equipment, but it should be
noted that the ionic conductivity increases greatly with humidity, and at 98% RH the
conductivity of a single PDAC/sPPO film is 0.012 Scm™. Changing assembly ionic strength
conditions and/or using a more highly sulfonated batch of sPPO can yield higher values.'?®

Films were merged by subjecting films with oppositely charged top layers (gnding on
either PDAC or sPPO) to either humidity or a drop of solution, and then placing the films in
contact under pressure (see section 2.2.6 for experimental details). Merging films with
humidity alone was found to be the least consistent method in terms of time needed for
merging and resistivity of the interface. Solution-based merging methods were more effective.
The presence of salt was also found to be critical to the merging process; films that were
soaked in deionized water to remove excess salt would not merge unless excess salt was
reintroduced. When the excess charge at the surface of a polyelectrolyte multilayer film is
mostly compensated by salt ions, those charges are available to interact with an oppositely
charged polymer surface because the salt is easily displaced. However, when the excess

surface charge is intrinsically compensated by the neighboring oppositely charged polymer
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layer in the film, which cannot be easily displaced, the film will not form electrostatic cross-

links with the charged surface of an adjacent film.”!
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Figure 2.12. a) Schematic of experiment to measure resistance across the interface of merged

films. b) Representative Nyquist plot and the equivalent circuit used to model the data.

— o 35%_lllH o 60% l}H
[Scm™] [Sem™]
Single Film 2x10°% | 5x107°
Merged w/ sPPO solution 5x107 1x10*
Merged w/ PDAC solution 3x10° 6 x 107
Merged w/ 0.5 M NaClsoln | 6 x 10 7 x 107
Merged w/ humidity 2x10° | 4x107°
Clipped together dry N/A 3x 101

Table 2.3 Ionic conductivity of 500 bilayer PDAC/sPPO films on glass and of merged 500

BL PDAC/sPPO films on Au-coated Si at various humidity levels.
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Films that had been merged with sPPO solution were twice as conductive as single
films, indicating that additional sPPO had been incorporated into the bulk of the film,
increasing the number of sites for ionic charge transport. The other merging conditions
resulted in films that had ionic conductivities of the same order of magnitude as a single film,
hence the interface did not create a significant resistive barrier to ion transport. Pressing
together dry films, with no attempt to merge them, resulted in a significant resistive barrier,
further demonstrating that the merging conditions change the interface of the films. [The
conductivity of merged films was measured after the pressure (binder clip or 25 g weight) was
removed, but the unmerged films that were pressed together while dry were measured while
held in contact with a binder clip.] Separate films could therefore be assembled and merged
while retaining their functionality. Transfer printing has not previously been used for 3-

dimensional assembly and functionality in this manner.

24 | Conclusion

Spray-LbL assembly has been used to embed and transfer vertically aligned Si
microwire arrays into free-standing ion-conducting functional membranes. We have further
assembled multicomponent dimensional structures, by merging free-standing membrane-
microwire assemblies into a single functional film, demonstrating the extension of multilayer
assembly and transfer to 3-D microfabrication. This technique appears to be general and
could be extended to other types of functional LbL films, such as electrically or mixed
conductive films, as well as films with tunable permeability to molecules, enabling the
assembly of complex devices that could be adapted to mediate transport between active

components. The ability to control the thickness of the film, to fine tune its composition along

51



the z-direction, and to limit film formation to speciﬁc regions of the wire array on the micron-
scale are attractive features of this method that distinguish it from the use of bulk polymers.
Ultimately, this set of approaches could offer options relative to traditional materials for
microfabrication of Si devices such as solar-driven water splitting systems, capacitors, or

electrochemically active electrodes.
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Chapter 3.

Highly Transparent Layer-by-Layer
Assembled Mixed Conducting Membranes
With Tunable Properties
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- ABSTRACT: Transparent mixed conducting polymer films with conductivity above 0.1
mS/cm are highly desirable for photoelectrochemical cell membrane applications. Mixed
conducting polymer composite PEDOT:sPPO was incorporated into LbL films and the
composition ratio of the film components was varied to generate a series of films with tunable
transparency and electrical and protonic conductivities. The visible light transmission
properties are excellent: 1.1 pm thick films with 150 mS/cm electrical conductivity have 80%
transmission of light in the visual range. The electronic and ionic conductivities are inversely
related, as one can be increased at the expense of the other. The highest ionic conductivity
recorded was 4 mS/cm for 4.6 pm thick films with 2 mS/cm electrical conductivity. Electron
microscopy was used to provide insight into the effect of film morphology on electrical
conductivity, and temperature dependent impededance spectroscopy and ion exchange

capacity measurements yielded insight into the ionic conductivity changes.

3.1 Introduction

The design and development of thin films that are highly transparent, and both
ionically and electrically conductive (mixed conductors) has garnered tremendous interest
because these materials offer unique potential in devices such as battery electrodes, chemical
sensors, gas separators, wireless photosynthesis de{fices, and electrochromic windows.! Of
particular intefest to us is the development of mixed conducting membranes for a solar-
powered water-splitting device. Detailed computational modeling of the effect of membrane
properties on device efficiencies have identified 0.1 mS/cm as the minimum required
conductivity for the mixed conducting membrane in this device design.? Ideally the ionic and
electrical conductivities would be close to equal, as whichever one is lower will be the

determining factor in voltage loss through the membrane.
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Poly(3 4-ethylenedioxythiophene) (PEDOT) has been widely applied for
electrochromic devices, anti-static coatings, and electrodes due to its high electrical
conductivity and high optical transparency.’ By using the strong sulfonic acid groups of
sulfonated poly(dimethyl phenylene oxide) (sPPO) as a doping agent for PEDOT, we have
successfully synthesized highly transparent protonically and electrically conductive
PEDOT:sPPO (Figure 3.1a-b). However this material cannot be used as a membrane for a
device that will be immersed in water, as thin films of it swell and break apart after 12 h in
water at ambient conditions. The incorporation of PEDOT:sPPO into films using the LbL
adsorption technique ié predicted to create water stable, transparent films with both high ionic
and electronic conductivities.® Furthermore, due to the flexibility of LbL, we can easily tune
the membrane transparency, thickness, morphology, and conductivities by different assembly

conditions and architectures.

LbL films composed of PDAC/sPPO have been used as proton exchange membranes
in direct methanol fuel cells and this system can reach ionic conductivities of 70 mS/cm when
fully humidified.> We hypothesized that to combining this proton conducting system with the
mixed conducting PEDOT:sPPO would result in films with proton and electrical

conductivities in the desired range for the solar water-splitting application.

In this study, two LbL assembly architectures were investigated to tune the polymer
transparéncy and conductivities; a bilayer architecture of PEDOT:sPPO alternating with
poly(dimethyl diallyl ammonium chloride) (PDAC) (Figure 3.lc), and a tetralayer
architecture that replaced every other PEDOT:sPPO layer in the bilayer films with sPPO. The
use of added salts in the film assembly baths in order to further increase the composition ratio

of the highly protonically conducting sPPO was also examined. The LBL film morphologies
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were also investigated by TEM and SEM to understand how the morphology effects film

conductivities.
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Figure 3.1. a) PEDOT was synthesized by oxidative polymerization in an aqueous solution of
sPPO, resulting in a polymer blend suspended in solution. The sulfonate groups of sPPO act
as dopant for the oxidized PEDOT. b) Cartoon of the proposed structure for PEDOT:sPPO. ¢)

Structure of the polycation used to generate LbL films in this work.

3.2 Materials and Methods

3.2.1 Polymer Sources and Synthesis: Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO, MW
= 23,000), poly(diallyldimethylammonium chloride) (PDAC, MW = 240,000), 3.,4-
ethylenedioxythiophene (EDOT), and all other solvents and reagents were obtained from
Sigma-Aldrich.

Synthesis of sPPO: An oven-dried 2 L 3-neck round-bottom flask was fitted with an
overhead mechanical stirrer, a condenser, and an inert gas inlet. The apparatus was cooled
under nitrogen, and charged with PPO (5 g, 41.6 mmol). The apparatus was evacuated and
backfilled with nitrogen, this process was repeated three times. Chloroform (50 mL) and 1,2-
dichloroethane (400 mL) were added. (Anhydrous solvents were obtained from Sigma
Aldrich in sure-seal bottles). The reaction vessel was heated at 45°C overnight with vigorous

stirring to ensure that the PPO was fully dissolved. The temperature was increased to 80°C
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and a mixture of trimethylsilyl chlorosulfonate (19 mL, 125 mmol) in anhydrous 1,2-
dichloroethane (41 mL) was added via syringe pump at a rate of 16 mL/h. The reaction
mixture was kept under nitrogen at 80°C with vigorous stirring for 72 hours. After cooling the
reaction mixture in an ice bath, the precipitated solids were collected by filtration and
dissolved in methanol. The remaining solution was concentrated under reduced pressure, and
the residue was extracted with methanol. The methanol solutions were combined, sodium
methoxide (2.25 g, 41.6 mmol) was added, and the reaction mixture was allowed to stir
overnight to remove the trimethylsilyl protecting groups from the sulfonate groups. The
reaction mixture was concentrated under reduced pressure to a volume of ~ 75 mL. The
concentrated solution was added drop-wise to a stirred container of acetone (~1 L) cooled in
an ice bath. The sodium form of sPPO (sPPO-Na) was collected as white precipitate by
vacuum filtration and rinsed with ice-cold acetone. The polymer was then dissolved in
deionized water, placed into a 3,500 MW cut-off membrane, and dialyzed against pH 1 water
for 2 h, followed by pH 2 water for 2 h to exchange the sodium ions for protons. The polymer
solution was then dialyzed against deionized water overnight to remove excess acid. The

polymer solution was then filtered and stored as an aqueous stock solution until use.
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Sy’ntheSis of PEDOT:sPPO:* An aqueous solution of sPPO (15 mM with respeét to repeat
unit, 80 ml) was purged of oxygen at 25 °C with nitrogen bubbling for 30 min. EDOT (487
mg, 3.43 mmol) and Fex(S04)3*9H,0 (7 mg, 0.017 mmol) were then added to the flask to
initiate the polymerization. The mixture was then stirred at 25 °C for 7 h, after which Na,S,0s
(163 mg, 0.69 mmbi) was added. After an additional 14 h, the mixture was placed in a dialysis
membrane with a MW cut-off of 3,500 and dialyzed against deionized water for 48 h to
remove excess reactants. After dialysis, the solution was diluted to 10 mM with respect to
sPPO repeat unit by addition of deionized water. The pH was adjusted to 3 by addition of
HCI. DMSO (20 wt. % with respect to EDOT) was added to the solution to provide secondary
doping. The ratio of PEDOT:sPPO was controlled by changing the feed ratio of sPPO and

EDOT. The PEDOT:sPPO ratio used for LbL assembly was 1:0.35 unless otherwise noted.

3.2.2 Layer-by-layer Assembly: A programmable ZEISS DS50 slide stainer was used to
deposit films. Glass, ITO-coated glass, and silicon substrates were exposed to O; plasma in a
Harrick PDC 32G plasma cleaner on high for 4 min to induce a negative surface charge. To
construct LbL films, substrates were immersed in a PDAC solution (10 mM, pH 3) for 10
min, then in a series of two water ﬁnse baths (pH 3) for 2 min each, followed by immersion
into a stirred PEDOT:sPPO solution (10 mM, pH 3) for 10 min, then into a series of two
water rinse baths (pH 3) for 2 min each. This process produced one bilayer (BL). The process
was repeated until films had the desiréd thici;ness‘ .

Tetralayer LbL films were constructed in a similar manner by immersing substrates in this
series of baths: 10 min PDAC solution (10 mM, pH 3), 2 min x 2 water rinse baths (pH 3), 10

min sPPO solution (10 mM, salt and pH varied as noted in text), 2 min x 2 water rinse baths

(pH 2), 10 min PDAC solution (10 mM, pH 3), 2 min x 2 water rinse baths (pH 3), 10 min
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stirred PEDOT:sPPO solution (10 mM, pH 3), 2 min x 2 water rinse baths (pH 3). This
process produced one tetralayer (TL).

Sprayed LBL films were deposited using identical solutions and rinse pH values. PDAC was
sprayed for 3 s followed by spraying with water for 5 s. Then, PEDOT:sPPO was sprayed for
3 s followed with Mili-Q water for 5 s. The cycle was then repeated for the desired number of

layer pairs.

3.2.3 Film Thickness: Thickness measurements were made by scoring films on flat substrates
(glass or silicon) with a razor blade. The step height between the film and substrate was then
measured with a Dektak 150 surface profiler. Reported thicknesses are the mean of 3
measurements on different areas of one film. Error bars displayed are the route-mean-squared

roughness of the film.

3.2.4 Ionic Conductivity: Through-plane conductivity values were determined by performing
impedance spectroscopy (Gamry PC4 Potentiostat/Galvanostat/ZRA) on films deposited on
conductive substrates (ITO-coated glass) in a 3-electrode cell with the LbL coated ITO as the
working electrode, a Pt mesh counter electrode, and a saturated Ag/AgCl reference electrode
in 1 M H2SO, electrolyte. Samples were conditioned by being held at 0 V referenced to
Ag/AgCl for 30 min. Imi)edance was performed by sweeping the frequency from 100 kHz to
0.1 Hz, with a sinusoidal voltage amplitude of 10 mV. Impedance spectra were modeled using
a dual rail transmission line equivalent circuit (see discussion in section 3.3.3). Impedance at
elevated temperatures was achieved by placing the cell in an oil bath on an IKA stirrer

hotplate with a temperature controller.
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In-plane conductivity values were determined by performing impedance spectroscopy
(Solartron 1260 impedance analyzer) on films deposited on glass (non-conducting) substrates
with Pt wire electrodes in contact with the film surface. Impedance was performed by
sweeping the frequency from 100 kHz to 0.1 Hz, with a sinusoidal voltage amplitude of 50
mV. Samples were enclosed in a humidity chamber and were allowed to equilibrate for 30

min prior to the measurements.

3.2.5 Ion Exchange Capacity: Films were assembled by dip LbL on polystyrene substrates.
Post-assembly, but before drying the films were soaked in pH 1 water for 2 h to exchange the
Ca?* or Na" ions for protons, then soaked in deionized water for 2 h to remove excess acid.
Films were dried, and peeled off of the substrate. After weighing (sémples varied from 34
mg), the free-standing films were soaked ovemight in 1.5 mL of 1 M NaCl solution. 40 pL of
phenolphthalein indicator solution (20x dilution of 0.5% w/v in 50% v/v EtOH:H,O stock
solution) was addéd with stirring. 4 mM aqueous NaOH solution was added dropwise from a
pre-weighed filled syringe until a colpr change of the solution from clear to pale pink was

observed. The syringe was then weighed again to determine the total amount of base added.

3.2.6 Electrical Conducﬁvity: Electrical conductivity was measured on LbL films on glass
substrates using a standard spring-loaded pressure contact Signatone S-302-4 four-point
probe. The conductivity was calculated by o = (R;X t)~! where R, is sheet resistance and ¢

is film thickness.

3.2.7 Other Analysis Ultraviolet/Visible Light spectroscopy was done on LbL samples
assembled on plain glass substrates from 250 nm to 800 nm in wavelength using a Beckman

Coulter DU 800 UV/Vis Spectrophotometer. Scanning electron microscopy characterization
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was done using a JEOL 5910 SEM. A JEOL 5910 with a Bruker EDX system from the Center

for Materials Science was used for sulfur mapping.

3.3 Results and Discussion

Motivated by the search for a multi-functional polymeric material for use as a
membrane in a wireless solar-powered water splitting device, we investigated the use of LbL
assembly for tuning the characteristics of membranes containing the recently reported mixed
conducting composite PEDOT:sPPO.* While thin films of PEDOT:sPPO have excellent
conductivity for this application, thie water stability and visual transparence of these films
need to be improved before they can be ﬁsed in a working device. We hypothesized that the
. LBL process would modulate these properties by introducing electrostatic crosslinks to greatly
improve the water stability, and by incorporating visually transparent polymer to increase the
transparency of films at a given thickness. However, the LbL process was expected to reduce
both the ionic and electronic conductivities of these films, so we undertook experiments to

understand how the LbL process modifies each of these film properties.

3.3.1 PEDOT:sPPO in LbL films

In order to be incorporated in electrostatically assembled LbL films, solutions must
have a zeta potential of at least |+30] mV. Zeta potential measurements of several ratios of
PEDOT:sPPO show that all the solutions are sufficiently charged to act as the anionic layer in

electrostatic self-assembled films (Figure 3.2a).
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Figure 3.2. a) Zeta potential of PEDOT:sPPO solutions at various mole ratios. All solutions
are sufficiently charged to act as the anionic layer in electrostatic self-assembled films. b)

Schematic illustrating the LbL assembly process.

We based our choice of polymer materials on previous results so as to limit the
number of initial variables for our experiments. Prior studies on optimizing the ionic
conductivity of sSPPO-containing LbL films found that PDAC was the best polycation to use.”
® So we elected to use PDAC for our studies of incorporating and modulating the properties of
PEDOT:sPPO in LbL films. We chose to use solutions with a PEDOT:sPPO ratio of 1:0.35
for our initial studies because PEDOT was the only source of electrical conductivity in the
films, whereas we had other options for increasing the composition ratio of sPPO in the films
as discussed below in section 3.3.1.2

PEDOT itself is insoluble, making it difficult to process. The advantage of
synthesizing it in an aqueous anionic polymer solution (besides the doping effect) is the
resulting aqueous dispersion that is easy to process. Commercially available PEDOT:PSS
contains proprietary additives that stabilize the dispersion in solution, giving these solutions a
long shelf life. No stabilizing additives were used for the PEDOT:sPPO solutions in this

study, hence they had a much shorter shelf life before aggregation reduced their ability to
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form uniform LbL films. When solutions older than 4 weeks were used to deposit LbL films,
the resulting films were composed largely of tens of microns scale aggregates (Figure 3.3).
For all of the films reported in this work, the PEDOT:sPPO assembly solutions were less than
2 weeks old. Interestingly, PEDOT:sPPO solutions that had been sonicated to break up

aggregates did not form films at all.

Figure 3.3. Optical microscope images of films assembled from PEDOT:sPPO solutions that
were older than 4 weeks (top) are composed of tens of microns scale aggregates while
aggregation is not visible on that scale in films composed of fresh solutions (bottom).
Profilometry data reveals that films from old solutions are not continuous, with aggregates up
to 30 pm in thickness next to regions that are only 100 nm thick. Films assembled from fresh

solutions have a high roughness value, but are continuous.

3.3.1.1 Bilayer Architecture

Transparent mixed conducting polymer thin films were assembled by alternating

immersion of a plasma treated glass substrate into an aqueous dispersion of the polymer
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complex PEDOT:sPPO and into an aqueous PDAC solution (Figure 3.2b). Linear growth
was observed with respect to the amount of polymer deposited per bilayer (Figure 3.4a).
Furthermore, UV-Vis spectrophotometry was used to monitor the incorporation of PEDOT
and sPPO into the films (Figure 3.4b). The peak at A = 290 nm in the UV-Vis spectra is
ascribed to the sPPO absorption, and the broad absorption from 400 nm to 800 nm
corresponds to the PEDOT absorption, which extends to 3000 nm due to polaron and
bipolaron absorption in the oxidized backbone. The absorbance of PEDOT and sPPO
increases linearly with an increasing number of bilayers (Figure 3.4c). The absorbance data
indicates that both PEDOT and sPPO are linearly incorporated into the LbL films, thus the

film transparency can be easily controlled by altering the number of bilayers deposited.

PDAC/PEDOT:sPPO Bilayer Growth Curve
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Figure 3.4. a) Film thickness as a function of the number of bilayers for
PDAC/PEDOT:sPPO LbL films assembled with and without salt. The central point denotes
the mean thickness and the error bars display the route mean squared roughness values. b)
UV-Vis absorption spectra as a function of bilayer number. Inset is a photograph of LbL films
coated on both sides of the glass. ¢) Peak height of sPPO and PEDOT absorptions in the UV-

Vis spectrum plotted as a function of bilayer number.
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Changing the assembly conditions of LbL films, especially the ionic strength of the
assembly solutions, alters the growth profile and the ionic conductivity of the films due to the
charge-screening effect of salt influencing the number of ionic crosslinks in the film.” In order
to tune the ionic and electronic properties of our LbL films, films were assembled with 0.1 M
NaCl in either the polycation or polyanion assembly bath. Adding salt to the PEDOT:sPPO
solution resulted in precipitation of the polymer complex, so films could not be built. The
films assembled with added NaCl in the PDAC solution showed linear growth with increasing
number of bilayers, hence the growth rate of these LbL films can be readily tuned from 18
nm/bilayer without salt in assembly solutions to 53 nm/bilayer with 0.1 M NaCl into the
PDAC solution (Figure 3.4a).

The bilayer films exhibited excellent stability in water: the films are stable in water
under ambient conditions for more than eight months. In contrast, dropcast films of pure
PEDOT:sPPO swell in water and break apart after ~ 12 h. This result is consistent with our
hypothesis that electrostatic cross-linking in LbL films would improve the water stability of

PEDOT:sPPO containing thin films.

3.3.1.2 Tetralayer Architecture

We hypothesized that increasing the composition ratio of sPPO in the films would be
an important parameter in tuning the ionic conductivity of this series of materials. Two
methods to increase the SPPO content and the number of free sulfonic acid sites (free meaning
not bound in electrostatic cross-links) were investigated: a tetralayer architecture, and also the
use of divalent salts to increase charge shielding during assembly. The first methoci

incorporates layers of highly protonically conducting sPPO into each repeat unit of the film.
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The mixed conducting PEDOT:sPPO is 1-2 orders of magnitude less protonically conducting
than sPPO alone. The second method builds on the first by incorporating salts into the sSPPO
layers to make those layers thicker and to shield some of the sulfonic acid groups from being
electrostatically bound to the quaternary amines of PDAC, leaving them free sites for proton-

hopping. Each of these methods will be discussed in further detail below.

Mpmved transparency &

PDAC

proton conductivity

Figure 3.5. Schematic of bilayer and tetralayer film repeat units. Photographs of films of
increasing numbers of layers showing the increased transparency of tetralayer films compared

to bilayer films.

We use the nomenclature of tetralayer architecture to denote that the repeat unit of the
LbL film has been changed from two layers to four layers. Every fourth layer, instead of a
layer of PEDOT:sPPO, a layer of sPPO was deposited in its place (Figure 3.5). As evidenced
by the photographs of bilayer (BL) and tetralayer (TL) films, the TL films are dramatically
more transparent than the BL films, indicating less PEDOT concentration in the films. (Both
PDAC and sPPO are transparent in the visible range.) UV-Vis absorption spectra indicate an

increase in sSPPO concentration for BL and TL films of similar thickness (Figure 3.6).
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Figure 3.6. UV-vis spectrum of ~1.1 pm thick films (~550 nm coated on both sides of a glass
slide) while wet. The tetralayer films are far more transparent than the bilayer films,
exhibiting 80% transmittance compared to < 40%. The absorbance data shows that the films

assembled with CaCl, incorporate more sPPO per TL than films assembled with NaCl.

Building upon the tetralayer architecture, we wanted to increase the amount of sPPO
in each layer. To further increase the composition ratio of sPPO, we added salts to the sPPO
solution. Simply increasing the concentration of one polymer bath over another does not
result in an increase of that polymer in the overall LbL film because excess unbound polymer
beyond what is needed to reverse the surface charge is removed during rinse steps.® Instead,
the composition ratio can be tuned by changing the ionic strength or pH of the assembly
solutions, which changes the effective charge density along the polymer chains by either salt
shielding the charges from each other in the case of strong polyelectrolytes, or by
protonation/deprotonation in the case of weak polyelectrolytes.” ° With a lower effective
charge density and thus less self-repulsion, the polymer chains deposit in a “loopy”
morphology (as opposed to a stretched out morphology due to self-repulsion) and thus require

more polymer to effectively reverse the surface charge.
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Protonic conductivity (oy) is dependent on both the number of free protons (ny) and
the proton mobility (1) as shown in this equation: oy = ny - e - uy, where e is the electronic
charge of a proton. The use of divalent salts in assembly of PDAC/sPPO films was shown to
increase the protonic conductivity of these films by a factor of 5.'° This dramatic
improvement in conductivity was shown to be caused by an increase in the composition ratio
of sPPO in the films (hence increasing the number of free protons), and by a reduction in the
energy of activation for proton conduction (thus improving the proton mobility).'® The
improvement in mobility is believed to be due to ion bridging between sulfonic acid groups
during film formation resulting in a more connected path for proton hopping. After assembly,
the films were soaked in 0.1 M HCI, so each Ca®" ion that had been incorporated into the film
was replaced with 2 protons. In order to understand whether the use of a divalent salt would
have similar salutary effects on the conductivity of the TL films, we assembled films with
either NaCl or CaCl, at a variety of concentrations in the sPPO solution.

| The TL films regardless of salt condition exhibited a slow growth induction period for
the first 10 TL, followed by linear growth up to ~25 TL, and superlinear growth at 30 TL
(Figure 3.7). By “superlinear” growth we mean that there is a sudden large jump in film
thickness that is likely due to interdiffusion of polymer chains into the bulk of the film rather
than only depositing on the surface of the film. Interdiffusion is more often observed with
weak polyeiectrolytes, but has also been observed in strong polyelectrolyte systems with high
salt concentrations. The thickness per<TL in the linear region increased with the addition of
NaCl and increased further with the addition of CaCl; (Table 3.1). The lone exception is with
films assembled at pH 2 with 0.75 M CaCl,, indicating that eventually at very high divalent

salt concentrations there is an inhibitory effect on film growth.
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Figure 3.7. Growth curves for tetralayer films. The center marks show the mean thickness

and the error bars represent the route mean squared roughness.

The TL films all exhibited high surface roughness (Figure 3.7), with the CaCl; films
having the highest roughness values, as was also seen with PDAC/sPPO films assembled with
Ca. The surface roughness results in increased light scattering, making the Ca TL films look
less transparent when dry. Since the solar water-splitting application that inspired this work
calls for a visually transparent membrane that will be immersed in water, the UV-vis
measurements were taken on wet films to reduce the scattering effect. Use of an integrating
sphere for UV-vis measurements on the dry films would be a valuable method to separate the
absorption profile of these films from the effect of light scattering. The UV-vis spectra of 1.1
um thick TL films assembled with Ca®" and Na“ show that they both have excellent
transmittance of ~80% when wet (Figure 3.6). The absorbance data indicates that the Ca films
have a higher proportion of sPPO, consistent with the effect Ca salts have on PDAC/sPPO

films.
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sPPO Thickness

. Electrical
"ot | mowrato [pH|  sat | 219 |incarregion | Conductiy
BL/TL | (mS/cm)
0.1 M NaCl N/A 309 nm 53 nm/BL 350
N/A 142 nm 18 nm/BL ‘ 700
2 no salt 374 nm 31 nm/TL 387
2 | 0.25MNaCl | 555 nm 85 nm/TL 141
‘ 1:0.35 2 | 0.5MNaCi 584 nm 80 nm/TL - 179
no salt e 2 |0.25MCaCl, | 525 nm 125 nm/TL 45
2 | 0.5M CaCl, 595 nm 106 nm/TL 98
2 |0.75MCaCl, | 493 nm 22 nm/TL 73
1 | 0.5M CaCl, 513 nm 104 nm/TL 43
1 10.75MCaCl, | 466 nm 98 nm/TL 74
1.2 2 | 0.5M CaCl, N/A 64 nm/TL 0.38

Table 3.1. Film growth and conductivity characteristics for a variety of film architectures.

332 Electrical Properties of LbL Films

Incorporating PEDOT:sPPO into LbL films was expected to impact the electrical
conductivity compared to the pure material due to the addition of electrically insulating
PDAC, which may disrupt the pathways for electron or hole conduction. We investigated the
magnitude‘of the change in conductivity through the use of a four-point probe. Electrical
conductivities are listed in Table 3.1. Compared with spin-cast PEDOT:sPPO films, the BL
films showed an order of magnitude lower electrical conductivity, which may be attributed to
the incorporation of insulating PDAC effectively “diluting” or lowering the current density of
the film.

Interestingly; with increasing number of bilayers, the electrical conductivity first |
increased, then reached a plateau. At 5 BL no electrical conductivity can be detected, at 10 BL
the electrical conductivity is 94 mS/cm, but by 15 BL the electrical conductivity reaches a
plateau of 700 mS/cm. This observation is consistent wfth the observations made by
Durstock,!! which they claim are due to structural changes in the films with increasing

number of bilayers. But no further study of these structural changes has been conducted.
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To understand how the film morphology changes as the films grow and how the
morphology affects the electrical conductivity, TEM and SEM were used to investigate the
morphology of the LbL films. TEM images revealed that PEDOT:sPPO pre-aggregated and
formed nanofibril structures (Figure 3.8a); this fibrillar structure facilitates charge transport in
the films. Upon LbL assembly of PEDOT:sPPO with PDAC, at 5 BL only isolated nanofibils
were formed, hence no electrical conductivity was detected. At 10 BL, more fibrils formed on
the films and these fibrils start to connect to each other and form electron percolation
pathways, thus the film showed low conductivity. By 15 BL, the fibrils form 3-D web-like
structures, thus creating an electron percolation pathway, resulting in excellent electrical
conductivity. To confirm that these fibrillar structures are PEDOT:sPPO, SEM-EDS was
further conducted. EDS analysis revealed that the fibrillar network contains sulfur, which is
only present in PEDOT:sPPO in these films (Figure 3.8¢).

It is believed that the dipping LbL‘process is thermodynamically controlled, hence
PEDOT:sPPO can rearrange and form nanofibrillar structures, which facilitate the charge
percolation. However, in films built using a much faster spray LbL process (deposition takes
seconds v. 10 min for dipping), no fibril structures were observed (Figure 3.8f), and these
films did not show any electrical conductivity. The lack of fibril structures in the sprayed LbL
films is likely due to kinetic control of the spray LbL film morphology, hence PEDOT:sPPO
could not rearrange in the short time scale of the spraying process to form a percolative
network for electronic conduction. Another possibility is that the fibril structures formed in
solution prior to spraying, but were unable to stick to the substrate. The sprayed films were
very thin compared to dipped films, indicating that poor adherence to the substrate could be

involved. Carbon nanotubes were found to be poor at adhering to flat substrates in spray LbL
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due to their dimensions, but changes to the spray protocol such as using a porous substrate
with applied vacuum resulted in good adherence and the formation of thick films.'? Perhaps
similar techniques could result in sprayed PEDOT:sPPO LbL films with morphologies that

promote conductivity.

Figure 3.8. a) TEM image of pre-aggregated PEDOT:sPPO. SEM images of b) 5 BL, ¢) 10
BL, and d) 30 BL PDAC/PEDOT:sPPO LbL films. €) SEM-EDS sulfur mapping of the 30
BL film. f) SEM image showing the morphology of a sprayed PDAC/PEDOT:sPPO LbL
film. g) Schematic illustrating how the morphology changes with increasing number of

bilayers.

Cyclic voltammetry was conducted to further understand the electrochemical behavior
of these films (Figure 3.9). The increase in the current with increasing film thickness, and the

retention of electroactivity despite insertion of the insulating PDAC layer, indicate that
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PEDOT is interpenetrating between the layers throughout the film. For 5 BL films, there is
very low current response, indicating that the PEDOT:sPPO regions in the film are non-
continuous. However, 15 BL films showed a dramatic increase in current response, indicating
PEDOT:sPPO formed a continuous network. This result is in good agreement with the

morphology changes observed in SEM.
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Figure 3.9. Cyclic voltammagrams of LbL films at a scan rate of 25 mV/s showed a dramatic
increase in current between the 10 and 15 BL films indicating a continuous network of

electrically conducting pathways.

Though PEDOT was only incorporated every 4™ layer in the TL films, these films still
exhibited electrical conductivity, indicating that the PEDOT:sPPO nanofibrils are still
forming a percolative network throughout the films. Though we often draw LbL films as
stratified layers for illustrative purposes, the layers are generally interpenetrating with only
“fuzzy” boundaries between them. Previous studies of LbL film composition have indicated
that this interpenetration spans four layers, consistent with these results.”® As expected, the
increase in composition ratio of electrically insulating sPPO in the TL films was inversely
proportional to the electrical conductivity: the electrical conductivity was roughly halved

going from BL to TL films, and halved again going from TL with no salt to TL with NaCl.
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The TL films assembled with CaCl, were less electrically conductive than the Na films, buf
there was no clear relationship between conductivity and pH or salt concentration amongst the
Ca films.

All of the films discussed thus far were composed of PEDOT:sPPO in a 1:0.35 ratio.
In an attempt to probe the limits of PEDOT composition ratio while still retaining electrical
conductivity, films were assembled using 1:2 PEDOT:sPPO. Without salt, these films grew
very slowly, only 4 nm/TL, and were electrically insulating, but with 0.5 M CaClz,' the films
grew at 64 nm/TL and had a very low electrical conductivity of 0.38 mS/cm. |

Films in the superlinear thickness range had much lower electrical conductivities than
the same film architecture in the linear growth range. This ~10 fold drop in conductivity can
likely bé explained by a combination of interdiffusing polymer chains interfering with the
interbenetration and contact between the PEDOT:sPPO nanofibrils across layers and by

further dilution of the current density of the films.

Salt 30TL Electrical
Conditions in | Thickness Roughness Conductivity
sPPO (um) (um) (mS/cm)
No salt 2.54 0.56 12
0.5 M NaCl 3.18 0.78 4
0.25 M CaCl, 4.62 1.40 2

Table 3.2. Superlinear range film thickness and electrical conductivity.

3.3.3 Impedance Spectroscopy of LbL Films

Measuring conductivity in ultrathin films can be difficult because resistance is
proportional to the distance ﬁavelle¢ so in the case of highly conducting ultrathin films the
resistance through the plane of the film will be very low. Prior studies of the ionic
coﬁduCtivity of PDAC/sPPO proved that the conductivity in this material is isotropic, and thus

for very thin films, impedance spectra were measured using electrodes in an in-plane
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geometry, allowing the distance between the electrodes to be increased so that the impedance
would be in a measurable range.”® We initially began our studies of ionic conductivity in
mixed conducting LbL films by using the same experimental set up we had used for ionically
conducting but electrically insulating LbL films (Figure 3.9a). We expected that the spectra
plotted in the complex plane (Nyquist plot) would consist of two semicircles, corresponding
to the two different time constants for the movement of the different charged species:
electrons (or holes), and protons. Instead we observed only one semicircle, and the low
frequency intercept with the real axis corresponded to the resistance that would be expected
based on the electrical conductivity of the sample that had been independently measured via
4-point probe. We reasoned that the electrical conductivity of the sample must be so much
greater than the ionic conductivity that it was just shorting the measurement, and thus we
would not be able to observe ionic conductivity in an in-plane configuration with both
electrodes in contact with the film surface. Thus we switched to performing through-plane
impedance measurements in an electrochemical cell with LbL films on ITO-coated glass
slides as the working electrode, Ag/AgCl as a reference electrode, and a Pt mesh counter
electrode in 0.5-1 M H,SOs electrolyte at room temperature.

Ag/AgCl
ITO or carbon reference
paper working | electrode
electrode Pt counter
electrode

Figure 3.9. a) Electrode consisting of plastic holder with platinum wires held at fixed

distances. This electrode was clamped in contact with films built on glass substrates for in-
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plane impedance measurements. b) Electrochemical cell for measuring through-plane

impedance of films built on conducting substrates.

The shape of the impedance spectrum plotted in the complex plane provides insight
into possible mechanisms or governing phenomena for conductivity.'* A perfect semicircle
indicates a single activation-energy-controlled process, while multiple peaks indicate more
than one time constant is needed to describe the process, and a depressed semicircle can be
observed in more complex scenarios (e.g. multiple processes with partially overlapping time
constants).'* Note that analysing the shape of Nyquist plots requires the data to be plotted
with orthonormal axes. Straightforward analysis can be performed by graphically interpreting
the spectrum, and more sophisticated analyses can be performed using computer modelling to

replicate the spectrum.
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Figure 3.10. a) Randles circuit model used for interpreting simple impedance spectra. b)
Complex plane (Nyquist) plot result from Randles circuit. The Warburg element, if observed,

will appear as a 45° line from the low frequency end of the semicircle.

Impedance spectroscopy requires the use of an equivalent circuit model to interpret the
data. For ion conducting polymer films, interpretation using the Randles circuit is well
established (Figure 3.10). The Randles circuit consists of a resistor representing electrolyte

resistance (or parasitic lead resistance if not using an electrolyte) in series with a parallel
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combination of a capacitor representing the bulk polarization of the film and a resistor
representing the resistance to ion movement in the film. Also included is a Warburg element
representing the diffusion-limited regime. Oﬁen the capacitor is replaced with a constant
phase element to better model the non-ideality of real systems. When plotted in the complex
plane, the Randles circuit provides a spectrum that looks like a semicircle where the high
frequency intercept with the real axis corresponds to the series resistance (Rs), and the
diameter of the semicircle corresponds to the ionic resistance (R;) (Figure 3.10).

The appropriate choice of equivalent circuit to use for intrinsically conducting
polymers has been subject to much debate. Pickup and coworkers have used a finite
transmission line model consisting of a line of resistors representing ionic resistance in
parallel with a line of resistors representing electronic resistance to interpret spectra from
many conducting polymers and mixed conducting composites.'> Also included are capacitors
in between the two rails representing the polarization of the polymer. They have used this
model to interpret spectra from PEDOT:PSS," which we expected to behave similarly to
PEDOT:sPPO used in this work. The transmission line model predicts a 45° region at high
frequency, reflecting the ion and electron migration within the film, followed by a 90° region
at low frequency, corresponding to the capacitance response of tﬁe film. They posit that the
transmission line model is appropriate for these systems as it represents the boundaries
between charges traveling in electrolyte in the pores of the film and charges moving in the
polymer phase. The data for dropcast films of PEDOT:sPPO were in good agreement with the
predictions of the finite transmission line model.* Using this model for films with high
electrical conductivity, the electrical resistance is negligible and the ionic resistance can be

calculated according to R; = 3(Z'zow ~ Z'nign); where Z’,w is the real axis intercept of a
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linear regression of the 90° region and Z’yg is the real axis intercept of the 45° region. For

films where the ionic and electronic resistances are closer to each other and hence neither one

is negligible, the following equations can be used:

I RZ
Z'1ow = Reen + 3

Z'high =Reen + R
where R, is the resistance of the cell with a bare electrode and
Ry =R, +R;

1 1 1
— 4=

Rewo Re R;

The conductivity can be calculated by o = é where £ is equal to the film thickness for

i
through plane measurements.
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Figure 3.11. a) Transmission line equivalent circuit and the expected Nyquist plot. b)
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Impedance spectra of PEDOT:sPPO films are in good agreement with the model.

Ion conduction in sulfonated polymers like sPPO is generally accepted to proceed via
the Grotthuss mechanism, wherein protons hop between sulfonate groups facilitated by the
hydrogen bond network in water (Figure 3.12). Hence each individual proton does not need to
move very far, rather covalent bonds to protons are formed and broken along the hydrogen
bonding network of water resulting in proton conduction. Since water facilitates this
mechanism, the proton conductivity in sSPPO-containing films is dependent on the relative
humidity when measured in air; but when measured in solution, it is dependent on the
electrolyte concentration (since that affects the number of charge carriers available) The
conductivity of pristine PEDOT:sPPO films is twice as high in 1 M H2SO4 as in 0.5M H,S0Os4.
For the water-splitting device membrane application that motivated this study, the target
minimum conductivity is 0.1 mS/cm for a film less than 10 pm thick.” Hence impedance
spectroscopy was performed on the PEDOT:sPPO containing LbL films in 1 M H,;SOq4
electrolyte so as to maximize the conductivity in an attempt to find films with conductivities

close to or above the desired minimum of 0.1 mS/cm.
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Figure 3.12. Cartoon illustrating the Grotthuss mechanism of proton hopping.
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We expected the PEDOT:sPPO containing LbL films to exhibit similar spectra to the
pristine material, anticipating that the same equivalent circuit could be used. At lower
numbers of bilayers in 1 M H,SO,, the spectra looked as though they might follow the model,
but the 45° region was small and hard to discern. Unlike the dropcast films of PEDOT:sPPO,
which could be made as thick as desired, the LbL films were extremely thin, so the resiStances
we were trying to measure were very small. The conductivities calculated by this method are
listed in Table 3.3. The ionic conductivity follows an inverse trend as the electrical
coﬁductivity: the ionic conductivity roughly doubles when going from BL to TL, and doubles
again when going from TL with no salt to TL assembled with NaCl in the sPPO bath, and

doubles again when assembled with CaCl; in the sPPO bath.

PDAC PEDOT:sPPO sPPO Electrical lonic Conductivity
salt mole ratio pH | salt Conductivity (mS/cm) (mS/cm)
0.1 M NaCl N/A 350 0.006
N/A 700 0.0048
2 no salt 387 0.009
2 | 0.25 M NaCl 141 0.03
1:0.35 2 | 0.5MNaCl 179 0.03
no salt 2 | 0.25M CaCl, 45 0.08
2 | 0.5 MCaCl, 98 0.07
2 | 0.75M CaCl, 73 0.04
1 | 0.5M CaCl, 43 0.05
1 |1 0.75M CaCl, 74 0.06
) ‘ 62
1:2 2 | 0.5MCaCl, 0.38 at 98% RH

Table 3.3. Ionic conductivities of PEDOT:sPPO containing LbL films.

82




M lonic Conductivity (mS/cm)
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Figure 3.13. Chart illustrating how film ionic and electrical conductivity can be tuned at the

expense of one another by changing film assembly conditons. Note the conductivity is

displayed on a log scale.

The TL films assembled with 1:2 PEDOT:sPPO and CaCl, were measured using the
in-plane impedance set-up in a humidity chamber and were only 10 mS/cm lower than
PDAC/sPPO films. This fact, along with their white color and very low electrical
conductivity, indicates that very little PEDOT was incorporated into these films.

In order to determine whether the improvement in ionic conductivity provided by
addition of Ca’" salts was due to a change in proton mobility as was seen in the case of proton
conducting PDAC/sPPO films, we recorded impedance spectra at various temperatures. The

change in ionic conductivity as a function of temperature can be related to the activation
; : ; —E, '
energy for proton conduction by the Arrhenius equation g = g, exp (R—:), where o is the

ionic conductivity, o, is a pre-exponential factor, E, is the activation energy, R is the
Boltzman constant, and T is temperature in Kelvin. The data and resulting activation energies

are displayed in Figure 3.14. The activation energy for proton conduction in the TL films is
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much higher than for PEDOT:sPPO alone, which is expected because the TL films contain
insulating PDAC material and many of the sulfonate groups of sPPO are tied up in
electrostatic interactions. There is no change in activation energy for the TL films assembled
with Ca®" or Na' salts. These salts are only incorporated in the sPPO layers, so the
PEDOT:sPPO layers should be similar for both types of films. Perhaps movement through the
PEDOT:sPPO layers of the film is the limiting factor for proton mobility in these films, hence

the addition of salt in the sPPO layers had no effect on the mobility.
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Figure 3.14. Plots of In(ionic conductivity) vs. 1000/(temperature) for a) various ratios of
PEDOT:sPPO and for b) TL LbL films assembled with either CaCl, or NaCl. ¢) Calculated

activation energies for proton conduction.

Unexpectedly, once we looked at thicker BL films in 0.5 M H;SOs, (hence the
impedance should be higher) the shape of the Nyquist plots for the PDAC/PEDOT:sPPO 40
bilayer films exhibited a semicircle at high frequency that trails off into a capacitive region at

low frequencies (Figure 3.15). Pickup and coworkers mention one instance of a similar
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looking spectrum of a mixed conducting polymer film, but did not provide an interpretation of
this result as it did not follow the transmission line model.'® It is not clear why the LbL film
would not resemble the behavior of the pure material, since the added material is insulating,

but perhaps it is a morphological change, such as the LbL films being less porous than

PEDOT:sPPO alone.
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Figure 3.15. Nyquist plots for 40 BL LbL films in 0.5 M H2SO4 exhibit a semicircle at high

frequencies and a capacitive response at low frequencies.

As a first approximation, the simplest equivalent circuit that we can propose for the
bilayer LbL films is a linear combination of the equivalent circuits for the constituent
materials. The equivalent circuit used to model PDAC/sPPO films is the Randles circuit
discussed above. The equivalent circuit we propose for PEDOT is also simply a constant
phase element in parallel with a resistor, which has been used for pure conducting polymers
such as P3HT.'® Based on the morphology observed in the SEM and the 4 point probe and CV
results, we expect that these bilayer LbL films contain continuous pathways for both ion and

electron or hole conduction, as the sPPO and PEDOT are bound together throughout the film,
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and the PEDOT forms a percolative network for electrical conduction. Thus a parallel
combination of the constituent circuits seems to be a reasonable approximation, and combined
with a resistor in series to represent IR loss through the electrolyte gives us the circuit shown
in Figure 3.16."7 This equivalent circuit model predicts a Nyquist plbt containing two
semicircles, but the bilayer film spectra only exhibit one. Based on the electrical conductivity
measured by 4-point probe, the electrical resistance in these films should be on the order of
107 Q, which is much too small to observe in this experimental set-up and is negligible
compared to the ionic resistancé. Thus a reasonable approximation is simply using the circuit
used for PDAC/sPPO. Under that model, the ionic resistance is given by the diameter of the
semiéircle along the x-axis, and the corresponding conductivities are 1 x 102 and 1.5 x 107
mS/cm for the no salt and 0.1 M NaCl bilayer films respectively. This is an order of

magnitude larger than the conductivities determined using the transmission line model.

Qi Quuik Qpik
[anw| [anw| a\w|

W/ W W7
R, R. R,

Figure 3.16. Equivalent circuit models for a) ion conducting film, b) electronically
conducting film, and c) parallel combination of ion and electronically conducting circuits. R
is solution resistance in the electrolyte, Quu is the capacitance of the constant phase element,

R; and R, are the ionic and electrical resistance, and W is the Warburg element.

The ionic conductivities of the bilayer LbL films determined from these later spectra

and of the TL films are two to three orders of magnitude lower than those of pure
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PEDOT:sPPO films, which are on the order of 1-10 mS/cm depending on the component
ratio. This loss in conductivity is likely due to the higher cross-link density resulting in a
dramatically decreased number of free mobile protons associated with the sulfonic acid
groups. A similar effect is seen when comparing the ionic conductivities of pristine sPPO
(~400-600 mS/cm depending on sulfonation %) to PDAC/sPPO LbL films (varies from 1-70
mS/cm depending on salt levels in assembly solutions). For the water-splitting device
membrane application that motivated this study the target minimum conductivity is 0.1
mS/cm for a film less than 10 pm thick.> The LbL film conductivities are one order of
magnitude too low to be useful for this application.

The unexpected spectra for the thicker BL films caused us to question our
interpretation of the earlier LbL film spectra. Likely what we interpreted as the very small 45°
region was actually noise or an artifact of the spectrum transitioning to 90°. We have seen
when measuring the proton conductivity of Nafion (a commercially available proton exchange
membrane) that with very high conductivity, the expected semicircular region of the spectrum
does not appear and instead only a capacitive region is observed, where the intercept with the
real axis is taken as the ionic resistance. However in this case, the intercept with the real axis
would be equivalent to the solution resistance of the cell plus the ionic resistance of the film.
Unfortunately the variability in the solution resistance of the cell used turned out to be larger
than the resistances we would expect from the films. Qur recommendation to clarify the
conductivity values for these films is to repeat these measurements in a different cell with
much smaller and more carefully controlled distances between the electrodes. Alternatively, it
might be preferable to eliminate the use of solution entirely and to instead use a metallic top

contact for the surface of the films such as coating them with evaporated gold. Howeiler, we
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believe that the ionic conductivities listed in Table 3.3 as determined by the transmission line
model should be considered a lower limit for the conductivity of these films based on the BL

film results.

3.3.4 Ionic Conductivity of Tetralayer Films in the Superlinear Growth Regime
Reasoning that the 30 TL films, which were much thicker and corresponded to the
superlinear growth regime, would shed more light on the ionic conductivities of these films,
we measured them using the in-plane electrodes typically used for ion conducting (as
opposed to mixed conducting) films. The impedance of these films was measured at 30, 60,
80, and 98 percent relative humidity. At low humidity, the ionic conductivity should be Very
low, but is expected to increase exponentially as the humidity increases based on the behavior
of PDAC/sPPO films. The films assembled with NaCl and with no salt had spectra that
looked like depressed semicircles at all of ‘the humidity conditions, indicating that the time
constants for electron and proton conduction in these films were somewhat overlapping so the
ionic conductivities could not be determined. However, the spect;'a for the 30 TL films
assembled with CaCl, resembled a depressed semicircle at 30% RH that slowly resolved into
two separate semicircles as the humidity increased (Figure 3.17). We chose to model the
spectrum at 98% RH using the equivalent circuit shown in Figure 3.16¢ based on the same
reasoning as used for the BL film spectra. Howeyver in this case the electronic resistance is not
negligible. This equivalent circuit model predicts that the first intercept with the real axis will
be equal to a parallel combination of the ionic and electronic resistances, and the second (or

extrapolated) intercept with the real axis is equal to the electronic resistance. Based on the 4-

point probe measurements, the extrapolated 2" intercept was equal to the electronic
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resistance. Thus the ionic conductivity of this film was calculated to be 4 mS/cm at 98% RH.

This film surpasses the stated conductivity goal for the solar water-splitting device membrane

of 0.1 mS/cm.
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Figure 3.17. a) Complex plane plots of impedance spectra for a 30 TL film assembled with
CaCl, at 30, 60, 80, and 98% RH. The calculated ionic conductivity of this film was 4 mS/cm

at 98% RH. b) The complex impedance plot predicted by the circuit model used.
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To further understand the nature of the conductivity differences between different film
assembly conditions, we measured the proton exchange capacity of the 30 TL films
assembled with NaCl and CaCl,. The ion exchange capacity is a measure of the number of
free protons in a film, and a standard metric for characterizing proton exchange membranes.
PDAC/sPPO/PDAC/PEDOT:sPPO TL films were assembled on polystyrene substrates, and
after assembly they were immersed in pH 1 water for 2 h to exchange all of the Ca®* or Na*
ions with protons, followed by' immersion in Milli-Q deionized water for 2 h to remove any
excess acid. Once dry, the films were peeled off the substrate to generate free-standing films.
These films were soaked overnight in 1 M NaCl to exchange all of the protons with Na ions.
The soaking solutions were then titrated with NaOH with a phenolphthalein indicator to
determine the end point. The resulting IEC values are displayed in Table 3.4. The
conductivity to IEC ratio varies greatly between the films examined. Films with a higher ratio
have higher proton mobilities. TL films assembled with CaCl, have twice as many free

protons as films assembled with Na.

. oy (mS/cm) IEC on/lIEC
LbL Film at 98%RH | (mmol/g) | (mS+g)/(mmol-cm)
PDAC/SPPO
(0751 Car HY) 70 0.44 159
PDAC/SPPO
(0.25M Ca, pH1) o 4 0.24 17
PDAC/sPPO/PDAC/PEDOT.SPPO
(0.25M Ca, pH2) 4 0.15 27
PDAC/sPPO/PDAC/PEDOT:sPPO N 0.08 3
(0.5M Na, pH2) :

Table 3.4. Proton exchange capacities of purely ion conducting LbL films and of mixed
conducting LbL films. *These values could not be determined due to overlap of features in

the impedance spectrum.
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3.4 Conclusion

We have generated an array of transparent mixed conducting polymer films with
tunable transparency and conductivity properties by incorporating PEDOT:sPPO into LbL
films and varying the composition ratio of the film components. The visible light transmission
properties are excellent: 1.1 pm thick films with 150 mS/cm electrical conductivity have 80%
transmission of light in the visual range. The electronic and ionic conductivities are inversely
related, as one can be increased at the expense of the other. We have generated 4.6 pm thick
films with 2 mS/cm electrical and 4 mS/cm protonic conductivity; these films surpass the
conductivity goals set by the desired future application of these films as membranes for
photoelectrochemical cells.

Microscopy studies showed that PEDOT:sPPO preaggregated to form nanofibular
structures, and that that these structures can form a percolative network throughout the films,
thus providing for electrical conductivity déspite the presence of insulating PDAC.
Temperature-dependent impedance studies and ion exchange capacity measurements
indicated that addition of Ca** salts provided an increase in ionic conductivity over addition
of Na" salts by increasing the number of free protons present in the films, but did not improve
tﬁe proton mobility of the films.

This series of mixed conducting films with tunable transparency and conductivity
properties are promising for many applications such as battery electrodes, chemical sensors,
gas separators, wireless photosynthesis devices, and electrochromic windows. Investigations
into integrating these films with microstructured photoelectrodes for use as membranes for

solar-powered water-splitting devices are ongoing.
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Appendix A. Other Mixed Conducting LbL Systems

In addition to PEDOT, we examined two other electrically conductive materials
combined with sPPO to generate mixed conducting composites: polyaniline (PANI) and
amine-functionalized multi-walled carbon nanotubes (MWNT). However, the ionic
conductivities of these films have yet to be determined. Impedance spectra of PANI/sPPO in
the in-plane configuration displayed one semi-circle with a resistance equivalent to. the

electrical resistance, and measurements in solution resulted in film delamination.

PANI/sPPO LbL Film Assembly: Films were assembled wifh an automated ZEISS DS50
slide stainer on glass substrates that were exposed to O, plasma for 4 min to induce a negative
surface pharge. Films were immersed for 15 min. in the polymer solutions (starting with the
polycation), followed by immersion for 2 min. each in a series of 3 rinse baths. The PANI
bath was stirred throughout the assembly process to provide more uniform film thickness.

Surprisingly, while aqueous dispersions of PANI powder built films readily, solutions of
PANI nanofibers did not build films with sPPO or with PSS under any conditions, but did

build films when paired with polyacrylic acid.

PANI solution: 100 mg polyaniline (emeraldine base, Aldrich 50,000 ave MW) was
dissolved in 10 mL dimethylacetamide (DMAc) overnight. The DMAc¢ soln was added to 90
mL of pH 3 water (Milli- Q water, pH adjusted with HCI). The solution was sonicated for 15
min, then the pH was adjusted to 2.5 with HCI. The solution was sonicated for 2 h., filtered

through a 0.45 micron nylon membrane, and re-adjusted to pH 2.5.
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SPPO solution: 10mM aq. sulfonated poly(2,6-dimethyl 1,4-phenylene oxide) (sPPO)
adjusted to pH 2.5 with HCI.

Rinse solution: Deionized water adjusted to pH 2.5 with HCI.

JoWe::

(emeraldine salt form)
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Figure A.1 a) Chemical structures of polyaniline (PANI) and sulfonated polyphenylene oxide
(sPPO). b) Photograph showing PANI/sPPO films on glass of increasing numbers of bilayers.
Electrical conductivity of these films was 0.15 mS/cm initially, but rose to 0.82 mS/cm when

doped by exposure to HCI vapor.
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Figure A.2. Growth curves for PANI/sPPO LbL films exhibiting linear growth.

Commercially available PANI with a 55,000 MW built the thickest films with a growth rate

of 8.7 or 7 nm/BL depending on whether or not salt was added to the sPPO solution. In-house

synthesized PANI with both much lower (7,000, 12,000) and much higher (145,000)

molecular weights built films at much slower rates of 3 and 2 nm/BL respectively.
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Figure A.3. a) PANI/sPPO films were assembled on both H-terminated and methyl-

terminated p-doped Si samples. Electrical contact measurements were performed using a

gallium/indium amalgam back-contact between the Si and a copper plate, and a mercury drop
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top-contact to the LbL film. b) PANI/sPPO films made ohmic contacts to methyl-terminated
p-Si, but rectifying contacts to H-terminated p-Si. It is possible that the H-terminated Si
developed an oxide layer due to oxygen exposure, (creating a barrier to ohmic electrical
contacts) either during the LbL dipping process, or after film formation (indicating that the

LbL film was not protective of the Si-H surface).

¢ multi-walled CNT
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a)
Figure A.4 a) Chemical structures of amine-functionalized multi-walled carbon nanotubes
(MWNT) and sPPO. b) Photograph showing MWNT/sPPO LbL films on glass. The films are
215 and 580 nm thick for 10 and 30 BL respectively, with electrical conductivity values of
1.37 and 1.91 S/cm. All MWNT LbL films have electrical conductivities of 1-2 S/cm; these
similar conductivity values indicate that the MWNTSs formed a percolative network in the
sPPO films. The films were prepared in a similar manner as the PANI/sPPO films described
above, and the MWNT solution was prepared according to this reference: Lee, S. W.; Kim,

B.; Chen, S.; Shao-Horn, Y.; Hammond, P. T. J. Am. Chem. Soc. 2009, 131, 671.
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Appendix B. Efforts Towards a Model Device

In order to generate a model device, the mixed conducting materials from Chapter 3 must be
combined with the fabrication methods of Chapter 2. Preliminary efforts toward this are

described in the following figures.

Transfer printing of
mixed conducting films:
O.=40 mSfcm

0,=0.013 mS/cm

Figure B.1. Multilayer transfer printing of a tetralayer film demonstrated that electrical

conductivity was preserved across the merged interface.

lowering concentration of PAA-catechol
solution may reduce this excess polymer on
the wires

Figure B.2. Dip-LbL assembly of PDAC/sPPO BL LbL films on methyl-terminated silicon
microwires resulted in bridging films, but the film did not adhere well to the substrate. Use of

a catechol-modified PAA baselayer improves adhesion.
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Figure B.3. a) Schematic of cell designed for measuring hydrogen permeability. b) Hydrogen
permeability of PEDOT:sPPO TL films was roughly the same as the permeability of Nafion,
whereas PDAC/sPPO permeability was half as much.

The hydrogen permeability of commercial Nafion films and of ultrathin LbL films
built on track-etched polycarbonate membranes was measured using a custom-designed cell
illustrated in Figure B.3. The cell is composed of 316 stainless steel because it is H»
compatible, and the cell was shown capable of holding up to 5 atm. of Hy pressure without
leaking. The cell consists of a top chamber (volume 2.75 cm®) through which either dry or
humidified to 50 % relative humidity H, was pushed at a flow rate of 200 mL/min. This top
chamber is tightened onto the bottom chamber (volume 7.78 cm’®) with 4 screws. In between
the two chambers sits a gasket and two sets of o-rings on top of the membrane to be measured
and a porous support. The area if the hole in the gasket (and hence the active membrane area
for these experiments) was 1.13 cm’. While H, flowed through the top chamber, 250 uL
aliquots of gas were removed at regular intervals from the bottom chamber and injected into a
gas chromatograph with a thermal conductivity detector to measure the hydrogen
concentration. The hydrogen crossover with respect to time was used to calculate a flux,

which was used to calculate the permeability according to the equation shown in Figure B.3.
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Future Work
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4.1 Thesis Conclusions

The objectives of this thesis were to develop materials and fabrication methods that

could be used to generate transparent mixed conducting membranes and to integrate them
with microstructured electrodes for photoelectrochemical cells. Great progress made on each
of these goals, and the combination of the new materials with the new fabrication methods

was begun.

4.1.1 Fabrication of Membrane Electrode Assemblies

Fabrication methods to incorporate LbL films with silicon microwires in a controlled
fashion were studied with two ion conducting LbL systems, PDAC/sPPO and LPEI/PAA. The
choice of LbL assembly platform, Dip- or Spray-LbL, was found to influence whether film
coverage was conformal around the length. of the wires, or bridging across the top of the
array. The controlling factors for the ﬁhn location on the arrays were identified, as were thé
boundaries of when control switches from one factor to another. Silicon surface chemistry
was the main controlling factor of film coating location when the surface was hydrophobic
(water contact aﬁgle greater than 90° on planar Si): bridging films around the top 5 um of the
array were formed with both Dip- and Spray-LbL. For silicon surface chemistries with water
contact angles below 90°, the polymer spray time and the wire array spacing were found to be
the determinant factors. The polymer spray time influenced the penetration depth of bridging
films by transferring the momentum of the arriving droplets onto the capillary bridge, pushing
the bridge deeper into the array. For wire spacing below or equal to the 10 um droplet size,
Spray-LbL formed bridging films. With wire spacing greater than 10 um, Spray-LbL formed

conformal coatings along the length of the wires until the spacing was narrowed by the
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increased diameter of the coated wires, at which point bridging behavior began to be
observed.

Spray-LbL assembly was used to embed and transfer vertically aligned Si microwire
arrays into free-standing ion-conducting functional membranes. This fabrication method was
shown to be modular: two free-standing membrane-microwire assemblies were merged into a
single functional film, demonstrating the extension of multilayer assembly and transfer to 3-D
microfabrication. This technique appears to be general and couid be extended to other types of
functional LbL films, such as electrically or mixed conductive films, as well as films with
tunable permeability to molecules, enabling the assembly of complex devices that could be
adapted to mediate transport between active components. The ability to control the thickness
of the film, to fine tune its composition along the z-direction, and to limit film formation to
specific regions of the wire array on the micron-scale are attractive features of this method
that distinguish it from the use of bulk polymers. Ultimately, this set of approaches could
offer options relative to traditional materials for microfabrication of Si devices such as solar-

driven water splitting systems, capacitors, or electrochemically active electrodes.

4.1.2 Mixed Conducting Materials With Tunable Properties

We generated a series of transparent mixed conducting polymer films with tunable
transparency and conductivity properties by incorporating PEDOT:sPPO into LbL films and
varying the composition ratio of the film components. Films that met the desired criteria for
use‘as a membrane in solar-powered water-splitting devices were generated. The visible light
transmission properties were excellent: 1.1 um thick films with 150 mS/cm electrical

conductivity had 80% transmission of light in the visual range. The electronic and ionic
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conductivities were found to be inversely related, as one could be incréased at the expense of
the other. Films with nearly equal electrical and ionic coﬁductivity values were assembled: 4.6
um thick films with 2 mS/cm electrical and 4 mS/cm protonic. conductivity. These films
surpass the conductivity goals set by the desired future application of these films as
membranes for photoelectrochemical cells.

The composition percentage of sPPO in the films was increased by building films with
a tetralayer architecture, and were increased further through increased charge shielding by
adding divalent salts to the sPPO assembly bath. Microscopy studies showed that
PEDOT:sPPO pre-aggregated to form nanofibular structures, and that that these structures can
form a percolative network throughout the films, thus providing for electrical conductivity
despite the presence of insulating PDAC. Temperature-dependent impedance studies and ion
exchange capacity fneasurements indicated that addition of Ca®* salts provided an increase in
 ionic conductivity over addition of Na' salts by increasing the number of free protons present
in the films, but did not improve the proton mobility of the films.

This series of mixed conducting films with tunable transparency and conductivity
properties are promising for many applications such as battery electrodes, chemical sensors,

gas separators, wireless photosynthesis devices, and electrochromic windows.

4.2 Unanswered Questions & Recommendations for Future Work

The next goals for this project are to generate a mefged structure of two membrane-
microwire electrode assemblies, to test the conductivity and Ho/O, permeability properties of

this model device, and eventually to use this model device in a photoelectrochemical cell,

e
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such as one that splits HBr (which is easier than testing water-splitting). Some challenges and
questions remain before this can be accomplished.

The conductivity values of some of the mixed conducting PEDOT:sPPO LbL films are
high enough for the films to be useful in a working device, but the other factor that controls
whether the voltage losses through the will be in an acceptable range is the electrical contact
between the membrane and the semiconductor photoelectrodes. The contact between
PEDOT:PSS and PEDOT/Nafion mixtures has been examined in detail, but only preliminary
studies of the electrical contact between Si and PEDOT:sPPO LbL films have been
completed.

The mechanical properties of the PEDOT:sPPO LbL films remain to be explored.
Whether they can support an array of Si microwires in both the wet and dry state will be an
important parameter to understand. The mechanical strength of the bond between merged
films should also be investigated. Understanding this parameter and how it is affected by the
mechanical properties of the unmerged LbL system will be an important step in generalizing
the use of merged LbL films as conductive glue.

The conductivity values and the most representative equivalent circuit model for the
impedance of PEDOT:sPPO-containing LbL films remain to be clarified. Our
recommendation to accomplish this is to re-measure the impedance of this series of films in a
different cell with much smaller and more carefully controlled distances between the
electrodes. Alternatively, it might be preferable to eliminate the use of solution entirely and to
instead use a metallic top contact for the surface of the films such as coating them with

evaporated gold.
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Further research into improving the electrical properties of sprayed PEDOT:sPPO LbL
films is also warranted. Spray-LbL is dramatically faster than Dip-LbL, for instance
assembling 100 BL requires 1 h by spraying, or 3 days if dipping. In order to eventually
produce these materials economically, speeding up the process will be required.

Alternate device designs for the solar water-splitting device are also worth exploring.
The Si microwires intended for use as the photocathode in the current device design cannot be
used in the harshly oxidizing environment of the photoanode without some sort of protective
coating to prevent oxidation. An alternate photoanode design involves generating an LbL
carbon nanotube nanostructured network containing catalyst nanoparticles, which could be

built directly onto an LbL membrane-Si microwire electrode assembly (Figure 4.1).

nanostructured
CNT-catalyst network

mixed-conducting

membrane
: photocathode:

{ I ¥ ’ i ! L i silicon microwires

Figure 4.1. Proposed device design consisting of a Si microwire photocathode, an LbL film

mixed conducting membrane, and an LbL carbon nanotube photoanode.
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