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Abstract

Renewable resources of energy are increasing their share in our energy
portfolio thanks to the technological advancements and an increasing
environmental awareness in society. Although the cost of power generation from
these resources has been reduced to reasonable amounts during the past few
years, the lack of economical and deployable storage mechanisms hinders their
transformation into the dominant supplier of energy in the world. Storing the
energy from renewables in the chemical bonds of a convenient fuel with high
power density and a carbon neutral cycle of regeneration is an appealing answer
to this challenge. Thanks to its unique properties, hydrogen is the main
chemical of interest for this purpose.

This dissertation is a collection of several efforts in making this process more
practical by providing several microreactors with novel functionalities. The
potentials of microfluidics in the field of electrochemical energy conversion is
first investigated and based on the obtained intuition, a membrane-less
electrolyzer and fuel cell based on two-phase flows and a vapor fed hydrogen
generator have been developed. Furthermore, a microfluidic chip which uses
solar thermal energy for sample concentration is introduced. This chip can be
coupled with the vapor-fed H; generator or membrane-less electrolyzer to
provide them with the water produced from brine or contaminated sources. In a
similar effort, a photothermal reactor is developed for water treatment whose
output can be used to feed the membrane-less electrolyzer. The novel
functionalities and advantages of each device are discussed and finally, new
research lines are suggested for further development of a new class of Multiphase
Flow Electrochemical Reactors (MFERs) in which the physics of multiphase
flows will be employed to boost the performance while providing cost reduction
in the final device.

Keywords

Microfluidics, Electrochemical reactor, Multiphase flow, Microreactor, Hydrogen
energy, Renewable energy, Solar energy, Water treatment, Electrolysis, Fuel
cell, Ton conductive membrane, Membrane-less.






Résumé

Les sources d’énergie renouvelables prennent une part croissante dans notre
portfolio énergétique grace au progrés technologique et a 1’éveil d’'une cons-
cience environnementale dans la société. Bien que le coiit de production de
I’énergie & partir de ces sources ait été réduit & des montants raisonnables du-
rant ces derniéres années, le manque de moyens de stockage et de déploiement
empéche les énergies renouvelables de devenir des sources dominantes dans le
monde. Le stockage des énergies renouvelables sous forme de liaisons chimiques
d’un combustible d’emploi commode, & haute densité énergétique et ayant un
cycle carbone neutre, est une réponse séduisante au défi énergétique. En raison
de ses propriétés uniques, I’hydrogéne est 1’élément chimique de choix pour cette
application.

Cette thése est I'aboutissement d’une série d’efforts dédiés a rendre ce procédé
de conversion électrochimique plus pratique en développant plusieurs microréac-
teurs munis de nouvelles fonctionnalités. Le potentiel de la microfluidique dans
le domaine de la conversion électrochimique d’énergie est d’abord étudié. En se
basant sur I'intuition on a développé un électrolyseur sans membrane, une pile a
combustible utilisant un flux a deux phases, et un générateur d’hydrogéne ali-
menté a la vapeur. De plus, on a introduit une puce microfluidique utilisant
Iénergie thermique solaire pour la concentration d’espéces biologiques et/ou
chimiques en milieu aqueux. Cette puce peut étre couplée avec le générateur
d’hydrogéne alimenté & la vapeur ou avec 1’électrolyseur sans membrane afin
d’alimenter ces derniers avec de I'eau potentiellement salée. Dans la méme ligne
d’idée, on a développé un réacteur photo-thermique pour le traitement des eaux
dont la sortie peut étre utilisée pour alimenter ’électrolyseur sans membrane.
Les fonctionnalités nouvelles et les avantages de chacun de ces dispositifs sont
discutés. Finalement, de nouvelles lignes de recherche sont suggérées pour le
développement futur d’une nouvelle classe de Réacteurs Electrochmiques a Flux
Multiphasés (REFM) dans lesquels la physique des flux multiphasés est em-
ployée pour améliorer les performances du dispositif tout en réduisant son cofit.

Mots-clés

Microfluidique, Réacteur électrochimique, Flux multiphasé, Microréacteur,
Energie a I'’hydrogéne, Energie renouvelable, Energie solaire, Traitement de
I'eau, Electrolyse, Pile & combustible, Membrane conductrice d’ions, Sans mem-
brane.
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Chapter 1
Introduction

he design, implementation, and characterization of microfluidic reactors,

mainly for electrochemical reactions, is presented in this dissertation. This
chapter provides an overall view of the dissertation structure by briefly discuss-
ing the contents of each chapter and its relation to other chapters briefly. The
second chapter is dedicated to identify the role and potentials of microfluidics in
electrochemical reactors engineering, followed by a chapter with a concise sum-
mary of the transport phenomena involved in these reactors. The aim of the
latter chapter is to provide intuition on the interplay of the important transport
phenomena and their impact on the performance of the device. Chapters four
through eight elaborate on four different microreactors and one microfluidic chip
that could be wused in conjunction with two of the discussed microreactors,
providing them with the pure reactants. The final chapter discusses the main
conclusions and outlook.
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1.1 Structure

Electrochemical conversion and storage is the solution to provide constant ener-
gy despite the fluctuations of power provided by renewable resources. Some elec-
trochemical devices such as batteries and supercapacitors are technologically
mature and already in use for this purpose. The issue with widespread adoption
of such devices is two-fold. First, they cannot address the problem for long peri-
ods of time. Batteries are a suitable solution for day to day variations in solar
energy, but they cannot regulate the flow of energy on a seasonal basis. This is
specifically critical for geographical settings with substantial difference of the
solar flux in winter and summer. Second, the power density of these devices is
not high enough to enable their large scale implementation around the world.
This implies not only an increase in space demand for their manufacturing and
installation, but potentially a lot of pressure on the supply chain of their con-
stituent raw materials, such as lithium.

For long term storage of renewable energy, generation of high power density
chemical fuels such as hydrogen is envisioned. This fuel can be stored and used
at the point and time of demand. To make this method deployable at large
scale, a reduction of the hydrogen’s final cost is necessary. This can be achieved
through design simplification and performance improvement of the electrochemi-
cal reactors for generation and consumption of hydrogen as a solar fuel, i.e. elec-
trolyzers and fuel cells, which are the main topics of this dissertation. The main
focus, presented herein, is to remove the ion conductive membrane from these
devices and replace it by liquid flowing electrolytes. The challenges arising from
this change are also discussed and addressed. Although the membrane-less elec-
trochemical reactors working with single phase flows are not new" 2, the main
contribution of this dissertation is to introduce multiphase flows into the simpli-
fied design of these devices.

This first chapter provides an overview of the following chapters, their relation-
ship, and their contribution to the fulfillment of the dissertation’s overall goal.

An investigation of the potential of microfluidics in electrochemical conversion
systems is contained in Chapter 2. Microfludicis is a powerful tool that provides
precise control over the flows inside microchannels. For instance, due to the
laminar nature of microflows, manipulation of contained entities such as bubbles
is achievable. Theses bubbles can be seen as carriers of the products or reactants
in a chemical reaction. Furthermore, small and tunable ionic pathlengths in a
microfluidic device is beneficial for alleviation of ionic transport losses. Finally,
flow plates of some state of the art fuel conversion devices such as fuel cells,
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already contain sub-millimeter channels, mainly to minimize the losses due to
mass transport to and from the reaction sites.

Chapter 3 contains a short review of the transport phenomena in electrochemi-
cal reactors, considering water splitting as a relevant model reaction. The
sources of losses are discussed in order to provide guidelines for the optimal de-
sign of microreactors presented in the later chapters.

Chapter 4 elaborates on the fabrication and performance of a solar powered
microfluidic chip for sample concentration. The sample can be a biological liquid
or brine. In the case of the brine, the device functions as a solar desalinator
where the output deionized vapor or liquid water can be used as the feedstock
for the vapor fed electrolyzer discussed in Chapter 6 or the membrane-less hy-

drogen generator of Chapter 7.

Chapter 5 presents a photothermal reactor for water treatment that utilizes the
non-UV part of sunlight to heat up the reaction chamber and the UV part to
drive the photocatalytic decomposition of organic pollutants in water. This syn-
ergy boosts the reaction rate considerably. The same concept can be applied to
solar fuel production. Water can be heated up using the portion of sunlight that
is thermalized by the photoabsorber and, thus the overall efficiency of solar to
hydrogen energy conversion increases. This process additionally improves the
performance of the solar cell by cooling it down.

Chapter 6 discusses the design, modelling, and implementation of a vapor fed
microelectrolyzer. This device takes in the humid ambient air and splits the
water molecules into hydrogen and oxygen. Development of such devices is im-
portant for settings where liquid fresh water is scarce. In areas in which salty
water is abundant, this device can be coupled with the microfluidic chip of
Chapter 4 to receive water vapor for proper functioning. Nevertheless, electroly-
sis of water in gaseous form is interesting since thermodynamically, splitting
water vapor is less demanding than liquid water.

Chapter 7 explains how the fluidic forces in a microfluidic channel can be em-
ployed to separate the products of the water splitting reaction. Since the evolved
gaseous bubbles do not mix, the need for integration of a solid membrane or
separator is removed. Such a solid component has been replaced by liquid elec-
trolytes with tunable pH values and higher ionic conductivities than their solid
counterparts. These advantages facilitate the integration of a broader range of
catalytic material and a potential efficiency gain due to lower ohmic losses. Fur-
thermore, such a device can be realized at much lower fabrication and running
cost, weight, and size due to the lack of an ion conductive membrane.

3
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Chapter 8 is dedicated to a membrane-less microfluidic fuel cell that works
based on two-phase flow principles. In principle, this fuel cell complements the
electrolyzer of Chapter 7 in the sense that it provides a platform for the reverse
reaction to take place, i.e. going from chemical fuel to electricity. The novelty in
this fuel cell lies in the fact that the oxidant and fuels flow over the surface of
electrodes in gaseous forms without coalescing. This has been achieved by devis-
ing engineered topographies in the cell that define the surface forces and guide
the bubbles in desired paths. This feature relaxes the mass transport limitations
encountered in the single phase microfluidic fuel cells.

Chapter 9 is the conclusion of the results of the dissertation. Potential research
and development threads are discussed for the future studies. Some of these
threads are being pursued by the Optics Lab and promising initial results are

presented.

1.2 Contributions

Some colleagues and collaborators must be credited for their contributions in
different studies presented here. The roles of these people are discussed below:

Chapter 2 originates form a perspective paper3 led by our group’s former post
doc Miguel Modestino, and coauthored with University of Twente’s David Fer-
nandez Rivas and Han Gardeniers.

Chapter 3 reflects part of the review pauper4 coauthored by Miguel Modestino
and Sophia Haussener at EPFL.

Chapter 4 summarizes results of the first project5 I worked on as a PhD student.

This project was led by Jae-Woo Choi, a former post doc of our lab.

Chapter 5 reports on a second project6 accomplished with the help of Jae-Woo
Choi.

Chapter 6 is a study conducted” by Miguel Modestino in collaboration with Mi-
kael Dumortier, a former post doc at LRESE.

Chapter 7 is fulfilled® with the help of Miguel Modestino.

Chapter 8 elaborates on a device’ that the EPFL’s master student, Matthias
Neuenschwander, partially worked on during a semester project. The study was
finalized with the help of Pooria Hadikhani, a new PhD student at LO, and Mi-
guel Modestino.
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Chapter 2
The potential for microfluidics in
electrochemical energy systems

low based electrochemical energy conversion devices have the potential to

become a prominent enerqy storage technology in a world driven by renew-
able enerqgy sources. The optimal design of these devices depends strongly on the
tradeoffs between the losses associated with multiple transport processes: convec-
tion and diffusion of reactants and products, migration of ionic species, and
electrical charge transport. In this chapter, we provide a balanced assesment of
the compromise between these losses and demonstrate that for a broad range of
electrochemical reactors, the use of microfluidics can enhance the energy con-
version efficiency. Moreover, we propose proven scale-up strategies of microelec-
trochemical reactors which could pave the way to the large scale implementation
of energy microfluidic systems.
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2.1 Introduction

The ever-increasing drive towards the implementation of clean energy technolo-
gies and processes has propelled a strong interest towards the development of
deployable energy conversion devices'. These devices need to capture energy
from renewable sources such as wind and sunlight, and convert it into usable
and preferably storable forms. Historically, our society has learned that econo-
mies of scale drive energy technologies towards large dimensions: big ships for
transportation and long pipelines to pump oil from reservoirs to large refineries,
massive hydroelectrical dams and large nuclear power plants. In this line of
thought one tends to forget that many important phenomena related to energy
and mass transfer occur at very small scales. Furthermore, often the concept of
scale gets confused with scalability. These considerations can result in the prem-
ature dismissal of promising energy technologies with small operating cells that
may be intrinsically scalable. State-of-the-art electrochemical energy conversion
devices (e.g. batteries, fuel cells, electrolyzers, flow batteries, among others) fall
into this category; small operating units that can be parallelized to reach power
conversion at the megawatt scale. The small size of the units encountered in
these systems is inherent of the multiple mesoscale processes (from nanometers
to hundreds of micrometers) that occur within them: redox reactions, transport
of charge carriers to electrodes, and mass transport of ions, reactants and prod-
ucts to and from reaction sites (Figure 2.1)%.

_____ e-chemical
""""""" | reactor
g— 0
""""""""""""""""""""""""""""""" _, stable
products
Mesoscale
A nm um mi )
molecules p- and milli- reactors  conventional reactors
Catalysis lefu5|9!1 in | Diffusionin C9nductlon
iiquids gases in metals
Electron mean | Tand C boundary
freepath | layersinliquids |
lonic
transport

Figure 2.1 Diagram describing the multiple processes present in electrochemical energy conversion
devices. From left to right, processes are presented in order of increased limiting scales. As ob-
served, most of the processes lie within the mesoscale.

Within this chapter, we intend to provide a fair, yet not exhaustive assessment

of small technologies and their potentials to impact big energy applications. Spe-

cifically, we will focus on microfluidic electrochemical energy conversion devices,

and identify the conditions under which they can be implemented in a scalable

way. While scaling traditional microfluidic devices is challenging, we will point
8
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out reactor architectures that are different than lab scale microfluidic chips but
can still harness the transport phenomena advantages of microfluidic regimes.
Additionally, we identify opportunities where microsystems can be implemented
at earlier stages for smaller and specialized energy applications.

2.2 Why microsystems for electrochemical energy conversion?

Is there really “space” for “small” technologies in the energy challenges faced by
our society? What do microsystems have to offer that large-scale technologies
have not already provided? We hope that at the end of this chapter our answers
to these questions become evident, and we inspire readers to envision new ways
in which devices with microstructures can be implemented, or can be used to
improve the efficiency, and the potential economic viability of energy conversion
devices. For consistency, this chapter will refer to microsystems as devices with
at least one characteristic dimension in the micrometer scale. These devices
could either operate in a continuous fluid flow regime (microfluidics), such as in
the case of electrolyzers, fuel cells and flow batteries, or in a static regime such
as batteries or supercapacitors.

The most significant consequence of going micro is the fact that by decreasing a
characteristic length L (e.g. channel width, distance between electrodes, etc.),
the concentration, temperature or other gradients are increased. Fluid flow in
microchannels usually falls within a laminar regime that provides greater control
over the flow. Additionally, short radial diffusion times result in a narrow resi-
dence-time distribution as well as an enhancement in heat and mass transfer,
Peclet number = 0. Moreover, microdevices have large surface-to-volume ratio
(m2/m3), which makes them particularly interesting for processes dictated by
surface phenomena3. These features allow the systems to reach thermal or sur-
face reaction equilibrium much faster due to an increased mass and heat flux
(over a given area LZ). Although the enhanced heat transfer of microfluidic reac-
tors can accelerate the transformations that occur inside the device, it can also
result in larger heat losses to the external environment. This can be used to the
advantage of energy conversion devices that require active cooling, but can be
detrimental to other systems that require additional energy inputs to operate at
elevated temperatures (e.g. solid oxide fuel cells).

Many groups have reported on the uses of microfluidic reactor technology for
chemical synthesis in academic research settings, and recently it has become
more prominent in industrial processes4’ . Life-cycle analysis has hinted to sig-
nificant ecological advantages of microreactors when compared to their macro-
scale counterparts. The bulk of the interest in microfluidic systems has been
centred on the production of high-value chemicals in the pharmaceutical and
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fine chemistry industry. Only until recently, researchers have started exploring
the space for microfluidic technologies in the energy field because of their poten-
tial to improve the conversion efficiency of devices, to better understand energy
conversion processes and be implemented in niche applications that require en-

ergy systems with small footprintsﬁ.
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Figure 2.2. Trade-off between ionic and fluidic resistance as a function of distance between elec-
trodes d, for a water electrolyzer operated at 10" A m? in a 1 M sulfuric acid electrolyte with an
areal flow rate, Q, of 10" m2/s. A maximum fractional device efficiency of 98% is achieved at
d=120 ym (denoted by a red dashed line), and efficiencies above 95% are achievable in the win-
dow between 60 and 400 ym (highlighted in yellow). Lower separations lead to large fluidic re-
sistances, while larger separations result in large losses from ionic transport.

To better demonstrate the power of scalable microsystems in electrochemical
energy conversion, we will introduce a simple model electrosynthetic device as
an example of a prototypical electrochemical energy conversion device
(Figure 2.2). This model consists of a set of infinite parallel plate electrodes sep-
arated by a distance, d. In between the electrodes, a liquid electrolyte flows with
a given areal flow rate, (). An electrical potential is applied between the two
infinite, parallel plates so that an electrochemical reaction can take place at the
surface of the electrodes at a rate imposed by a constant current density, j. The
thermodynamic equilibrium potential for the reaction is given by EO7 and is im-
posed by the nature of the chemical transformation taking place. For simplicity,
we will assume a fully developed (parabolic) flow of a Newtonian electrolytic
fluid between the electrodes, a uniform electrolyte conductivity, o, across the
channel, no mass transport limitations at the surface of the electrodes, and that
the volume fraction of products in the electrolyte is negligible. Within these
conditions, the only two factors that depend on d and affect the energy conver-

10
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sion efficiency are the ionic and fluid resistances. The power loss arising from
ionic resistance, P;,,, over a reactor length, L, is given by,

p =L (1)

on o

while the power loss due to fluidic resistance, Pp,i4, depends on the electrolyte
viscosity, p, and is determined by,

12u0°L
Pfluid = /;3 (2)

These losses can be compared with the chemical energy stored in the products,

Pstamgey

P

storage

= jE° (3)

to obtain a fractional efficiency for the device,

thorage
n=g——>—>— 4
Pslarage+13ion+Pflt¢id ( )

that excludes kinetic losses at the electrocatalyst.

As demonstrated in Figure 2.2 for a water splitting device, the maximum energy
conversion efficiency is achieved when the separation between electrodes is in
the microscale (120 um in this example at a current density of 100 A m™).
Moreover, for this example, an algebraic expression can be obtained that defines
the optimal electrode separation for maximum energy conversion efficiency,

opt j

1
N
oy = (2252 )
or more conveniently as a function of average fluid velocity, v,
1

where p and o are electrolyte properties, while v and j are operational parame-
ters. This expression is independent of the nature of the electrochemical reaction
taking place at the electrodes, and only depends on the electrolyte selection. To
generalize our findings, we can explore the range of optimal electrode spacing as
a function of operational parameters. For typical aqueous electrolytes the viscos-
ity and conductivity are in the order of =107 Kg/m-s and 710 S/m, respective-
ly. Assuming practical ranges of average velocities and current densities, it can
be demonstrated that within most operating conditions, optimized fluidic elec-
trochemical devices should have electrode separations in the microscale, <500
um (Figure 2.3). Equivalent analyses can be carried out for solar-fuel generators,

11
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fuel cells and flow batteries, and similar scaling laws can be drawn from those
devices. In all of these systems, the low conductivity of electrolytes drives the
device design towards the microscale, even if fluidic losses are increased’.

1
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Figure 2.3. Optimal electrode separation as a function of current density and fluid velocity. Most
of the operation conditions require a distance between electrodes in the microscale. As shown in
the shadowed top left region of the image, those applications that require high flow speeds and

low current densities have optimal interelectrode distances in the macroscale.

In addition to the efficiency improvements demonstrated above, microfluidic
technologies offer several other benefits. Microfluidic energy conversion devices
could lead to increases in power density thanks to the low amount of electro-
lytes required. Also, fluidic forces could be used to precisely direct species to the
desired device locations, reducing losses due to mixing of reactants or products.
Motivated by these performance gains, several groups have already started to
exploit the multiple advantages that microsystems bring to the electrochemical
energy conversion field. Below, we will briefly review the state of the art in elec-
trochemical energy conversion microsystems and compare their performance
with their large scale, conventional counterparts.

2.3 State-of-the-art electrochemical energy conversion

microsystems

Microsystems have already found applications in a broad range of electrochemi-
cal energy conversion devices. Most notably, batteries are manufactured with an
interelectrode spacing in the microscale. The small separation is desirable in
order to avoid unwanted ohmic losses in the electrolyte and achieve a high ener-
gy density while still maintaining the electrodes separated avoiding short-
circuiting the device. Moreover, the miniaturization of batteries driven by the

extensive use of laptops, cell phones and other portable consumer electronics has
12
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resulted in highly efficient and energy dense systems. Miniaturized flow-based
electrochemical systems such as electrolyzers, fuel cells or flow batteries could
also be implemented into electronic devices and potentially reach energy densi-
ties that surpass those of batteries. Furthermore, this class of energy devices
could enjoy improvements in their efficiency, energy density, and materials utili-
zation if they were designed with microscale features to facilitate the transport
of reactants, products and ionic charge carriers. Additionally, the high surface
area to volume ratio of microreactors is particularly useful in electrochemical
systems, as the chemical transformations take place only at the surface of elec-
trodes. In order to provide a broader context on flow-based electrochemical en-
ergy conversion microsystems the subsections below present an overview of the
main advances and state of the art in the field of microfluidic fuel cells, flow
batteries and electrolyzers.

Fuel Cells. Among the three device categories cited above, microscale fuel cells
are the most studied and well-established systems. Their development has been
particularly motivated by the need for high energy density power sources in
portable devices. Integration of small hydrogen (Hs) fuel cells can address this
issue due to the large mass energy density of H,". Additionally, fuel cells can be
charged quickly, typically by changing a hydrogen cartridge or refilling the res-
ervoir.

The two main types of fuel cells that have been implemented in the microfluidic
regime are solid oxide fuel cells (SOFCs) that work at high temperatures, typi-
cally in the order of 100’s ° C, and proton exchange membrane fuel cells (PEM-
FCs) which generally operate at room temperature. The maximal theoretical
efficiency of SOFCs is a strong function of their operating temperatures. For a
SOFC using CO as a fuel, the theoretical energy conversion efficiency is 63% at
900°C and 81% at 350°C when entropic losses are accounted’. Unfortunately,
operating at high temperatures requires long start-up and shutdown cycles, lim-
iting their usability for portable applications. The maximal theoretical efficiency
of PEMFCs accounting for entropic losses is 83% at 25°C. However the state of
the art PEMFCs operate at efficiencies in the order of 60%. It is interesting to
note that in traditional, large scale PEMFCs, the dimensions of the channels in
the flow plates are typically manufactured in the submillimeter scale'” to medi-
ate mass transport limitations. Furthermore, the thickness of the polymeric elec-
trolyte membrane tends to be in the order of tens of micrometers, since a small
ohmic drop is desirable between the two electrodes. Decreasing the thickness of
flow plates is also important since these components account for more than 80%
of the total weight and 30% of the total cost of fuel cells™.
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The most prominent reactants in conventional PEMFCs are hydrogen and oxy-
gen. For portable applications, hydrogen needs to be compressed to high pres-
sures or stored in the structure of solid materials with higher volumetric energy
density such as metal hydridesn. The challenges related to the storage of Hs
result in additional costs and design complexity, posing significant obstacles for
the implementation of Hs in portable devices. Due to this fact, parallel research
lines have evolved to develop fuel cells that operate with alternative fuels. To
this end, alternative liquid fuels have been implemented including: methanol,
ethanol, 2-propanol, ethylene glycol (EG), dimethoxymethane (DMM), formic
acid, hydrazine, hydrogen peroxide, and dimethyl ether (DME)IS. Liquid oxi-
dants such as hydrogen peroxide and nitric acid have also been used as alterna-
tives to oxygen in the cathodic reaction. Another interesting example of micro
fuel cells are laminar flow based systems that operate without membranes.
These devices take advantage of the slow diffusion-dominated mixing between
fuel and oxidant streams to minimize reactant crossover. A key requirement for
these systems is to keep the residence time of the fluids inside the channels
small — high Péclet numbers — so that diffusion is minimal compared to convec-
tive transport. This can simplify the device design, reduce the cost of materials
and fabrication, and the weight of the device. On top of that, an improved per-
formance is possible due to higher conductivity in liquid electrolytes compared
to polymer membranes. Higher power densities are achieved if the flowrates of
fuel and oxidant streams are increased. Under fast flow rates, mass-transport of
the fuel is enhanced but at the same time a large fractions of the fuel can exit
the device without reacting at the electrode. To circumvent these fuel utilization
limitations, clever device architectures can be implemented to increase the ac-
tive contact area between the electrodes and the reactants'’. as well as engi-
neered channel and electrode geometries that promote high fuel utilization,
reaching levels above 90%, and deliver high power densities'”. Moreover, elimi-
nation of the polymer electrolyte relaxes the challenges of using alternative
chemistries in PEMFCs such as the high permeability of methanol and other
liquid fuels in Nafion'®. These types of micro fuel cells have been reviewed ex-
tensivelym’ 1720 and some examples achieve power densities in the same order of
magnitude as in state-of-the-art macroscale PEMFCs®" *. Table 2.1 highlights
some examples of micro fuel cell systems and provides information regarding the
design characteristics, maximum power density, as well as oxidant and fuel used
in each study.

Lastly, it must be noted that new classes of micro fuel cells are emerging where
the unique features of microfluidics enables their realization. Two examples will
be mentioned here: paper based microfluidic fuel cells and optofluidic fuel cells.
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Table 2.1 Selected examples of top-performing micro fuel-cell devices for various fuel and oxidant

combinations
Peak Maximum Maxdimum
Interelectrode Power Current Open
Reference Fuel Oxidant Electrolyte Distance Design Characteristics © -e . (? Circuit
(1] Density Density Voltase
1 [mW /em?| [mA /em?| V] s

0.15 M

N Da NaBH, in

Mota et
al?

Nafion 115

3 M NaOH
and 1 M
HNO;3
separated
by a
porous
barrier

05 M
HgN3CeO 5
in1M
HNO;

30% H,0,

1000-2000

15

with
fuel-cell
units interconnected in

Planar  stack

miniaturized

series.

Staggered-herringbone
structures  on the
electrodes  to induce
oxidant /fuel mixing in
cathodic/anodic

reaction and alleviate
mass transport

limitation

Hydrodynamic focusing
of the fuel to a thin
stream on anode and
reducing is crossover to
the  cathode  while
increasing fuel utiliza-
tion

Capillary flow of fuel
and oxidant through
paper makes the
fabrication cheap and
easy.

210 (4

1 (4
cells 3L

42 (4 cells i
(4 cells in cells in

series) in

series
series) )

270 at 0.65 V
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The paper based microfluidic FCs aim at developing inexpensive and disposable
power sources. They take advantage of the capillary flows in flow plates made of
paper to bring in the fuel and oxidant over the surface of electrodes from dedi-
cated reservoirs. This technique eliminates the need for peripheral equipment
such as pumps and can result in significant cost reductions thanks to the sim-

31-33

plicity of the fabrication methods and the use of inexpensive materials. Some

of these devices are able to deliver energy for long periods of time and, there-
fore, are appropriate for low power consumer electronics™ **.

Optofluidics is a field that integrates microfluidics with optics and that has
found potential applications in the energy domain”. Recently, optofluidic ap-
proaches have been implemented to generate electricity through the photocata-

30-35 The high surface to volume

lytic oxidation of organic pollutants in water
ratio at microscales and the possibility of fabricating transparent microfluidic
devices together with controlling light/fluid interactions makes optofluidics a

powerful tool for solar-based energy conversion.

Flow Batteries. Flow batteries are rechargeable fuel cells which operate by plac-
ing two redox active chemical species dissolved in two liquid streams separated
by an electrolyte (usually a membrane). These chemical species can be reduced
or oxidized during charging or discharging cycles. Fuels and oxidant liquids are
flown into the device from two separate reservoirs during discharge to generate
electricity, and by reversing the process the oxidized fuel and reduced oxidant
can be restored to their initial state during charge cycles. Only a few examples
of micro flow batteries have been reported, and they predominantly focus on the
elimination of ion-conducting membranes by implementing the aforementioned
laminar flow technique. Notable approaches involve the co-laminar flow of solu-
tions containing vanadium redox couples through porous electrodes, with

2 36, 37
. More recently, a

demonstrated power densities as high as 330 mW/cm
hydrogen bromine laminar flow battery was demonstrated®™. This device
achieved a remarkable power density of 795 mW/ cmz, approaching the perfor-

mance of state-of-the-art Hy fuel cells.

Electrolyzers. Unlike fuel cells, literature reports on micro electrolyzers are lim-
ited, presumably due to the low throughput of such devices, which makes them
less attractive for commercial utilization. Despite the fact that microelectrolyz-
ers will find limited usability in large-scale hydrogen production, applications
that require lower production rates are often overlooked. A relevant example is
the implementation of water splitting units in solar fuel devices, where typical
current densities in the light-absorber are in the order of 10 mA/ cm” whereas

electrolyzers’ catalyst layers can support current densities up to several A/ cm®

3940 Thig implies that a relatively large photovoltaic device can be combined
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with miniaturized electrolyzers for optimum cost and performance’. Additional-
ly, controlling transport phenomena at the microscale can bring efficiency im-
provements, eventually leading to benefits for large-scale electrolyzers.

Table 2.2 Selected examples of microelectrolyzers

Maximum
Interelectrode Current
Reference Cathode  Anode Electrolyte n erelectrode Design Characteristics urre}l
Distance [pm] Density
[mA /em’]
In pl 1 ith Nafi
. Wekics 11 et s e ol of
Wi
Modestino Pt Pt and 0.5 M 163.5 ‘ ¥ 175 at 2.5 V
492 microchannels allowing  for
et al. H,S04 . .
photoelectrodes integration
1 M HySO4
S M H or 1 M Versatility in selection of elec-
S Pt Pt K>CO: trolyte and catalysts due to th
Hashemi Lor L or 2 175 rolyte and catalysts que 1o the  gqh ap 2.5 v
¢ al® NiFe NiFe or 1 M flow based gas separation
cvak NagPOy mechanism
buffer
M.A. Spi ted fed mi lectrol ith
. pu.l cas ci Vapor fe .mer(.e ectrolyzer wil Less than 10
Modestino Pt Pt Nafion thin 150 double spiral microchannels for t3V
a
et al. M film design simplicity
ME Microelectrolyzer absorbing the
. heat f the attached PV and 10 at 1.82 V
Oruc et Pt Pt 0.5 M HySO4 - e rom' e A ‘ac ¢ an & o
al 10 therefore increasing the overall (80 °C)
) efficiency of PVTE system

The first microfluidic electrolyzer was demonstrated in 2013 providing a current
density of over 100 mA /cm® at 2.5 V*. Within the framework of this disserta-
tion, electrolyzers that can operate under vaupor—feedsd15 and without
membranes™ have been enabled thanks to the control of transport processes in
the microscale. The vapor fed device takes advantage of small diffusion and ion-
ic path lengths in microfluidics to split the water content of ambient air. In the
membrane-less device, the gas separation task is achieved by exploiting fluidic
forces to guide the product gases to independent collection ports. Furthermore,
by eliminating the need of a membrane, the ohmic resistance in the electrolyte is
reduced and current densities as high as 300 mA/ cm” at 2.5 V can be achieved.
Recent work in this domain also includes the anadysis46 and implemen‘ca‘cion47 of
a micro electrolyzer integrated with solar cells. In this system, synergistic effects
can be achieved by cooling the photovoltaic components while at the same time

3

enhancing the efficiency of the electrolysis process™” . A summary of the char-

acteristics of previously reported microelectrolyzers is listed in Table 2.2. It is
also worth noting that in addition to water electrolysis, there are several exam-

ples of microsystems that use alternative pathways for the generation of hydro-

49-51

gen. These include metal hydride microreactors and methanol steam reform-

) . 52, 53
ing microreactors .
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2.4 Scalability and manufacturability of energy microsystems

The previous sections described multiple advantages of flow-based energy mi-
crosystems, but their implementation into real-world application would ulti-
mately depend on their scalability and our ability to manufacture them in cost-
effective ways. In microsystems engineering, the most frequent way to scale the
throughput is by internal numbering-up, which involves the incorporation of
parallel arrangements of single microstructured units (e.g channels, electrodes)54.
In this way, the advantages achieved by microstructuring units can be main-
tained in higher throughput systems. It must be noted that numbering-up strat-
egies are challenging and alternatives should be sought when possible. Parallel-
ization of microdevices requires complex fluidic interconnections and manifold-
ing. Also, if classical microfluidic chips are used as building blocks, the majority
of the volume of the device would act as a dead volume and not participate in
the chemical transformations of interest. This is in contrast with common ap-
proaches used for the scale-up of homogeneous chemical reactions that involve
the volumetric scaling of reactors. In the case of electrochemical energy conver-
sion devices, the scale-up strategy will depend on the number of processes that
require transport length-scales in the micro domain. If all of the processes with a
microscale dimensionality requirement occur in parallel directions, then the sys-
tem can be scaled by increasing area. An areal scale-up strategy would involve
the implementation of macroscopic plate electrodes separated by a micro scale
distance. By doing so, classical manufacturing techniques could be implemented,
simplifying the overall scale-up process. If at least two processes require
transport path lengths in the microscale, and their directions are orthogonal,
then the only option to scale-up the device throughput is to parallelize the units
(numbering up). Figure 2.4 shows a representation of the different scaling strat-
egies described above. When determining the dimensionality of the transport
process involved in energy conversion microsystems it is useful to define the
characteristic path length for the species or charge carriers involved. In electro-
chemical devices, usually the transport processes that dominate the performance
of the system are the transport of charge carriers — electrons, holes and ionic
species — and the transport of neutral species — reactants and products. The
characteristic length scale for transport of charged species, /,,, or l,- for ions or
electrons respectively, is determined by Ohms law,

g = =222 (7)

ionle™ —
]op

based on the operating current density of the device, j,,, the allowable voltage
drop, AV,um, and the conductivity of the transport media (i.e. electronic con-
ductors or electrolytes). In the case of neutral species transport, the characteris-
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tic length scale, [, depends on the species diffusivity, D, and its characteristic
concentration in the reactor, cy,

_ DconF
=T (8)

lneu
where F is Faraday’s constant and n is the stoichiometric number of electrons
involved in the electrode reaction. Based on characteristic transport properties
of metallic electrodes, electrolytes and neutral species involved in the redox re-
actions, one can estimate the range of the characteristic length required for op-
erations under different current density regimes (Table 2.3). The estimation of
these length scale requirements can aid in the design of electrochemical reactors
and the decision on their scaling strategy. For example, for the devices summa-
rized in Section 2.3, if only the ion transport processes are required to occur in
the microscale (1D), an areal scale-up strategy can be implemented.

Table 2.3. Characteristic length scales for transport processes involved in electrochemical energy
conversion devices

Charged Species’t

Length Scale

Species Characteristic Conductivity (o) Current Density (jop) It o)
e OT Lion
Low (100-10° A m™®) 10-10* m
Electrons in metallic electrodes 10°- 10" S m™
High (10" ~ 10° A m™) 0.1-100 m
Low (10 -10° A m™ 10-10*
lons B ow (10 -10" A m™) 0-10" pm
i electrolyt 0.1-10 S m
1m electrolytes High (10" - 10° A m®) 0.1-100 pm
"The allowable voltage drop, AV oum, as assumed to be 0.1 V.
Neutral Species
. o . . ) Length Scale
Species Characteristic Properties Current Density (jop) ()
neu,
3 -
N A ¢~ 1 mol m™ Low (100-10" A m™) 0.1-1 pm
Low Solubility Species D~ 10° m? <!
mes High (10" - 10° A m®) 1-10 nm
3 -2 3
‘ N . co = 10° mol m™ Low (10-10°A m™) 100-10" pm
High Solubility Species D= 107 m? 5
mes High (10" - 10° A m®) 1-10 pm

Once a scale-up strategy has been identified, the next step is to assess the man-

ufacturability of the scalable system. Areal scaling of electrochemical reactors is

usually preferred whenever allowable. Under this strategy a large suite of com-

mon fabrication techniques can be implemented to achieve the desired structure.

Classical machining can be used to manufacture parts where parallel planar

electrodes are separated by 100’s pm. Reactor manufacturing methods include
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laminate or sheet construction techniques which have been used extensively to
perform gas-liquid reactions and processes with film plates55, e.g. methane
steam refomning56 This fabrication method offers flexibility in design and can
accommodate multiple reactor units within a single component. Different layers
of a laminate structure can be easily machined to define internal passages and
channel structures. Also, as the limiting dimension in laminated reactors is de-
fined by the thickness of the layers, interelectrode spacings in the microscale can
be easily accessed. These fabrication techniques open the possibility for produc-
ing large throughput reactors at relatively low cost. Another successful scale-up
example involves the redesign of a sonochemical microreactor for the controlled
generation of chemically active bubbles. While the initial concept and proof-of-
principle demonstrations were developed in a silicon-based device57, large-scale
reactors were redesigned using inexpensive polymeric materials in order to im-
prove its commercialization potential58.

Microreactor

Microscale Microscale
processes in processes in
Number of pscale 1-direction 2-directions
dimensions? / 0D Dl 2D
Volumetric Areal

Parallelization

Scaling Scaling

n‘
Ly

Figure 2.4 Scaling strategies for increasing the throughput of microfluidic reactors. Volumetric

scaling is often used for homogeneous chemical processes where the dimensionality of the reactor
does not affect the reactions (0D). Areal scaling can be applied if all the limiting transport pro-
cesses that require microscale path lengths can be carried out in one dimension (1D). A parallel-
ization strategy of microdevices is needed when the system involves more than one dimension in
the microscale (>2D).

The use of inexpensive elastomers (e.g. PDMS) that boosted other microfluidics
applications over the last decades cannot be directly used in the context of ener-
gy applications, unless new functionalized and resistant materials are integrated.
Chemical compatibility and gas permeability of polymers are constraints for the
long-term temperature and pressure cycling requirements of energy conversion
devices. To that end, silicon and glass have suitable characteristics and have

20



The potential for microfluidics in electrochemical energy systems Chapter 2

been exploited on energy related lab-on-a-chip applications where microfluidics
have been proved to be powerful tools to gain important insights in the energy
conversion processes present in large-scale reactors’. Microreactors that require
parallelization to achieve higher throughput face more difficult challenges for
their fabrication. They also can present operational difficulties when the evolu-
tion of a different phase (e.g. solid or gas) occurs inside the microchannels (e.g.
Hy and O, evolved at the surface of electrodes). The presence of multiphase
flows within reactors can cause blockage of fluidic channels, decrease in electro-
lyte conductivity, additional pressure drops, a reduction of the electrode active
area, among other problems. Strategies to mitigate these issues will need to be
incorporated in the reactor design phase. Parallelization strategies also require
cost-intensive manufacturing techniques. Specifically, material costs tend to be
low, yet the costs of the facilities where the fabrication takes place are high. For
example, microreactors based on semiconductor technologies are processed only
in cleanroom environments. Also, it is not straightforward to make arbitrary
reactor shapes using classical Si processing techniques, and fabrication of early
stage prototypes tend to be time-intensive. Alternatively, the recent advent of
additive manufacturing (AM) technologies has resulted in a change in paradigm
for the fabrication of customizable prototypessg. The flexibility in materials used
together with reduced time for developing functional prototypes, provides a
powerful tool that can result in faster technical solutions not achievable with
other fabrication techniques. The resolution of features achievable depends
strongly on the specific material and technology used. Resolution in the order of
100’s pm are commonly achieved™. Sub-classification of 3D micro additive man-
ufacturing has been proposed as scalable additive manufacturing, 3D direct writ-
ing, and hybrid processes; details can be found in recent literature with key pro-
cesses and resolutions attainable” .

It is important to point out that in many flow-based electrochemical conversion
devices, the capital cost of each device tends to be significantly lower than the
cost of the fuel (in fuel cells) or electricity (in electrolyzers and flow batteries)
required for their operation over their lifetime" 6% Given this situation, the
savings from efficiency improvements in microscale devices only need to out-
weigh the increased capital cost requirement.

2.5 Conclusions and perspective

Energy systems have stringent efficiency, scalability and cost-effectiveness re-
quirements. As the world pressingly moves towards clean energy sources, the
need to incorporate electrochemical energy conversion devices into the electricity
grid will certainly increase, as well as the need to develop ever more efficient
and cost-competitive systems that can reach large scale energy storage and pro-
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duction. This chapter aspires to provide a balanced analysis of the potential
advantages of developing flow-based electrochemical energy conversion microde-
vices. We have explored three basic questions: (1) Can microsystems bring effi-
ciency improvements? (2) Can they be scaled? And if so, (3) can they be eco-
nomically viable? The answer to the first question is most definitively positive.
By developing electrochemical reactors in the microscale, the transport path
lengths can be reduced so that ionic transport losses and mass transport limita-
tions for reactants and products can be minimized. On the other hand, by re-
ducing the size of channels the fluidic resistance of devices increases, resulting in
additional energy losses. Earlier in this chapter we demonstrated that the trade-
off between these two effects points towards a maximum efficiency of devices
when their interelectrode distance is between a few 10’s to a few 100’s of pm.
These efficiency advantages have been an important motivation for the demon-
stration of the microfluidic energy conversion devices described in Section 2.3.
This brings us to the second question: in order to harvest the advantages of
microsystems we must be able to scale them up. Section 2.4 described the scale-
up strategy based on the dimensionality of the limiting transport processes in-
volved in the device. It is clear that within a large range of operating conditions
of interest, both the transport of ions and reactants/products can become limit-
ing if their transport path lengths are not restricted to the micro-domain. If the
direction of these two transport processes can be accommodated in the axis
normal to the plane of the electrodes, then devices can be easily scaled in a two
dimensional way (i.e. large planar electrodes can be placed parallel to each other
and be separated by an electrolyte flow). Under these conditions, inexpensive
manufacturing processes can be implemented and have the potential to lead to
cost-effective large-scale microfluidic reactors. If parallelization of microfluidic
channels is required, the fabrication methods are expected to be more complex
and the reactors’ economic viability limited. To that end, new fabrication tech-
niques such as high-resolution additive manufacturing have the potential to
change this paradigm and lead to scalable and cost-effective energy microsys-
tems.

Microsystems will certainly continue to occupy an important space in the energy
field in years to come. Energy storage and conversion devices will become more
prominent as renewable energy technologies continue to penetrate the energy
markets. To that end, achieving higher efficiency in energy conversion systems
will become critical, and the advantages provided by microfluidic energy devices
will play a significant role. At the same time, while these advantages are
demonstrated at the laboratory scale, industry will be encouraged to incorporate
and develop innovative manufacturing techniques to harvest the improvements
that microfluidic energy technologies can bring.
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Chapter 3
Mass transport aspects of water
electrolysis

he transition to a world driven by clean and renewable energy sources

would rely on our ability to develop and implement enerqy storage technol-
ogies. To this end, high efficiency electrochemical energy conversion devices will
play a key role as they have the potential to buffer the fluctuation inherent to
renewable energy generation from solar and wind resources. The performance of
these devices depends on the balance of complex processes that range from the
atomic scale all the way up to the macroscale. While molecular processes drive
the electrochemical transformations that determine the energy storage potential
of the devices, transport phenomena are responsible for the limitations that pre-
vent devices to operate at the maximum possible efficiencies. Therefore, electro-
chemical cells and reactors need to be designed in suitable dimensions to facili-
tate the transport of reactants, products, and charged intermediates to and from
the electrochemical reaction sites.
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3.1 Introduction

In this chapter, the transport phenomena inside electrochemical reactors are
briefly reviewed to better understand the sources of the losses and, as a result,
identify the potential pathways for development of deployable devices. Water
splitting is selected as a model reaction. In addition to relevance to the disserta-
tion topic, there are two main reasons that make water electrolysis an appropri-
ate model system: (a) industrial relevance of the process, (b) most of the indus-
trial electrochemical processes involve a hydrogen evolution or oxygen evolution
reaction over one of their electrodes.

The electrochemical reactions happen at the interface between either a semicon-
ductor or a catalyst and the electrolyte. In the electrolyte region close to this
interface, transport processes of reactants, ions and products will take place
within a mass transport boundary layer. Mass transport of all species will also
occur within the bulk electrolyte which can be either a liquid electrolyte or a
solid-state ion-conducting membrane.

3.2 Processes in the boundary layer

The boundary layer is defined as the region of the electrochemical cell in close
proximity to the catalytic surfaces where important concentration or velocity
gradients can evolve. The boundary layer is bounded by the hydrogen or oxygen
evolutions reactions sites (HER and OER respectively) and the bulk electrolyte.
Within this section we will briefly describe the factors that define the electro-
catalytic rates observed at the surface of the electrodes, the formation and
structure of the electrical double layer at the interface between the semiconduc-
tor or catalyst (metal or insulator) and the electrolyte, and how the reaction
kinetics will affect the characteristics of the boundary layers of systems operated
under liquid or solid-state electrolytes. Figure 3.1 shows a diagram of all the
processes involved in this region

Electrode reactions. For electrolysis apparatus, the half-reactions that take
place on the surface of the semiconductor or the heterogeneous electrocatalyst
can be written as:

HyO — 2H + § Oy + 2¢” (anode)
2H" + 2¢ — H, (cathode)
in acidic electrolytes, or

20H — 30, + Hy0 + 2¢” (anode)
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2H,0 + 2¢ — Hy + 20H" (cathode)

under basic conditions. For metal-electrolyte and approximatively also semicon-
ductor-electrolyte interfaces, a generalized Buttler-Volmer expression can closely
describe the rate of each of these reactions,

. . Cred,surf>y1 ((laFi’]> (%x,surf)y2 ( 0«'an):| A
= — eXpl—)—|\—— expl| — n 1
I =D [(Cred,bulk Pkt Cox.bulk P RT (1)

where j is the current density (positive for anodic currents) in the direction, 7,

normal to the electrode surface. jy is the exchange current density, a, and a. are
the apparent transfer coefficients for the anodic and cathodic reactions, and 7 is
the electrode surface overpotentiall. Csurf and ¢y correspond to the surface and
bulk concentration of species involved in the cathodic reaction (red) or the an-
odic reaction (ox). The contribution of these concentration terms are determined
by the exponents y; and ps.
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Figure 3.1. Diagram of processes involved in the boundary layer. Electrochemical reactions take
place at the interface with the catalyst or semiconductor, neutral and charged species migrate and
diffuse across the boundary layer, and a velocity gradient evolves from the interface.

The parameters that define the current levels (jy and a) are strongly dependent
on material properties, surface treatments, and solution composition. Commer-
cial water splitting systems that operate under acidic environments often im-
plement electrocatalysts based on Platinum (Pt) and Iridium oxide (IrOy) for
the HER and OER respectively, while their alkaline counterparts use Nickel
based catalysts. Significant research efforts have been devoted to develop novel
catalysts with the aim of improving the efficiency of the state-of-the-art materi-
als, or to identify earth-abundant substitutes to the Pt or IrO-based catalysts.
Multiple reports in the literature have covered the developments of this field2'7,
and some efforts have been devoted to benchmark the performance of materials
under comparable operating conditions™ . These efforts are of great value to the
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development of hydrogen generators, as the unifying metrics measured for vari-
ous electrocatalyst systems can directly aid in the design of practical devices.

The electrical double layer. The electrical double layer describes two charged
regions in close vicinity of the electrode surface, usually in a dimensional-scale of
several nanometers (Figure 3.2). Assuming ideally polarizable electrodes, the
layers evolve as a result of specific adsorption of solvent molecules or ions spe-
cies on the electrode with resulting bond formation, and electrostatic attraction
due to an applied potential in the electrode. These two effects result in a polar-
ized layer close to the surface with a thickness in the range of Angstroms (typi-
cal radius of adsorbed ions). This layer is composed of the adsorbed molecules
and ions (also called inner Helmholtz layer), and solvated ions with the counter-
charge of the surface (building the outer Helmholtz layer). Next to the Helm-
holtz layer there is a layer composed of solvated anions and cations, with the
net electrical charge equals to the sum of the surface charge of the electrode and
the charge of the Helmholtz layer. This outer layer, also called diffuse layer, is
loosely attracted to the charge interface as a result of long-range forces (electro-
static forces) and exhibits an extended dimension. The thickness of the diffuse
layer is a function of the electrolyte properties only, namely its bulk concentra-
tion, its relative permittivity, ion charges, and temperature. The Debey length
can be used to estimate the thickness of the diffuse layer, which is usually in a
range of several nm. This is in contrast to the liquid electrolyte boundary layer
resulting from the no-slip boundary condition and the corresponding fluid flow
distribution (discussed in the next section), which is electrically neutral and
spans a significantly larger area, usually in the range of micrometers to millime-
ters.

Historically, the electrical double layer has been described by Helmholz, refor-
mulated by Gouy-Chapman, combined by Stern, and further detailed by Gra-
ham'” ™. The Helmholtz and the diffuse layers can be represented as two capac-
itors in series. For large electrolyte concentrations, the total capacitance is dom-
inated by the capacitance in the Helmholtz layer and so is the potential drop
over the double layer. These conditions can be used in experimental investiga-
tions in order to simplify the interpretation of the data.

In contrast to metal electrodes, the carrier density in semiconductor is much
smaller, resulting in a distribution of the surface charge over a finite depth, i.e.
the space charge layer. The electrical double layer is affected by this space
charge layer and eventually the potential drop over the interface is influenced
by the three layers in series: the space charge layer in the semiconductor, the
Helmholtz layer, and the diffuse layer. The potential drop distribution across
the three layers is dependent on the materials and operating conditions.
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Solvated
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Semiconductor/Catalyst Interface

I Y
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Molecules (< 1nm)

Figure 3.2. Schematic representation of the electrical double layer. The positive (+) and
negative (-) species represent solvated ions which compose the Helmholtz layer as well as the
diffuse layer.

The double layer affects phenomena such as charge transport in small scale
structures (nano- to micron—scale)m, and electrophoretic or electroosmotic ef-
fects'™. The electrical double layer can also be used to probe the nanorheology of
the solvent and ion system at the charged surface'’. In (photo)electrochemical
applications, the double layer affects the amount of current used in the electro-
chemical reaction as it acts as a capacitor in parallel with the surface reaction :

jeh=fnc)+Co (2)

where fis the function describing the electrode kinetics, C'is the capacity of the
double layer, and ¢; the species concentration in the bulk. The actual current
used for the charging and discharging of the double layer depends heavily on the
applied potential, the frequency or alternation of the current (e.g. resulting from
transient solar irradiation), the interface characteristics (electrode material, sur-
face roughness), and the electrolyte composition. Additionally, the microscopic
architecture of the double layer affects the details of the charge transfer to the
surface and the elementary steps of the electrode kinetics. A semi-empirical cor-
rection to eq. 2 consist of adapting the concentration from the bulk concentra-
tion to the concentration at the interface between the Helmholtz and diffuse
layer, and reducing the overpotential by the potential drop in the Helmholtz
layerl.
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Novel insights on the structure of and charge transport within the double layer
and its effect on charge transport to and from the surfaces and its influence on
the surface kinetics have been provided by the utilization of detailed molecular
dynamics simulations'”.

Liquid electrolyte boundary layers. While the electrical double layer describes
the first few nanometers of the interface between the electrolyte and the reac-
tion sites, there is a much larger region in close proximity with this interface
where the properties of the electrolyte (i.e. momentum and composition) are not
uniform — the mass transport boundary layer. Its thickness (8.) can be best es-
timated using dimensionless numbers such as the Sherwood number, Sh =
k6./D, which relates the mass transfer coefficient (k) for species’ transport from
the bulk to the surface or vice versa with their diffusion coefficient (D). The
Sherwood number is usually given as a function of Reynolds number, Re =
zupo/pt, and Schmidt number, Sc = u/(oD), where z is a characteristic system
dimension, uy the average linear velocity of the fluid, ¢ its density and p its kin-
ematic viscosity. The actual functional dependence will vary according to the
flow field and the configuration. For the simple case of a laminar flow parallel to
a flat plate, the estimation of the mass transport coefficient and the typical
boundary layer thickness along the plane direction z is given by16,

% = 464 x Re™5c7! (3)

For different flow geometries similar expressions can be derived, but the expo-
nents modifying the Re and Sc numbers will vary, as well as the proportionality
constant'".

In electrochemical water splitting devices, the boundary layer will determine the
extent of the mass transport limitations and ultimately the device performance.
These limitations are best mitigated when devices are operated under strong
acidic or basic electrolytes. Under these conditions, the transport of intermediate
species (H' or OH') is not limiting, the electrode reactions occur at a higher
rate, and the formation of ionic concentration gradients are minimized. Despite
these advantages, only a few electrocatalytic or photoelectrocatalytic materials
are stable under these highly corrosive electrolytes. Operating water splitting
devices at moderate pH conditions in buffered electrolytes or supporting electro-
lytes can enhance the materials’ stability to a limited extent. When buffered
liquid electrolytes are used, the transport of charged species becomes complex.
During operation, H' ions are produced in the surface of the anode while they
are consumed at the cathode. This leads to the formation of a depletion zone at
the vicinity of the cathode and an accumulation one in the anode. As the con-
centration of H™ or OH  ions is low in the buffered electrolyte, a pH gradient
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will evolve from the surface of the electrodes and a large portion of the current
in the system will be carried by supporting ions. This in turn will result in the
formation of further concentration gradients of supporting ions at the surface of
electrodes, building up adverse potentials in the cell. These phenomena can sig-
nificantly affect the cell current density at a given potential by imposing con-
centration polarization (CP) losses'®. The extent of these losses can be assessed
by balancing all the ionic transport processes occurring in the electrochemical
cell (i.e. migration, diffusion and convection):

; 2 2
Jj=—FV¢Y ziuic;— F Y, z,DVc;, + Fu ), z;c (4)

[t ')

where F, z, w;, ¢, D;, and, u are the Faraday’s constant, species charge, mobili-
ty, concentration, diffusivity and electrolyte’s velocity profile, respectively. The
last (convection) term in the expression can be set to zero due to the electroneu-
trality condition. This expression is valid for dilute electrolytes, and it can take
more complex forms in concentrated solutions. It is often convenient to define
the conductivity of the electrolyte, k, as,

k=F2Y. Zuc (5)

[ )

and the potential losses in the systems as,
i _F
Vo = _f T 2z Ve (6)

where the second term, the diffusion potential, directly describes the CP losses
in the cell. As significant concentration gradients form at the surface of the elec-
trodes, larger potentials will be required to achieve a given current density. It is
also important to clarify that x is not necessarily uniform through the electro-
chemical cell, and that the gradients formed will lead to variations in conductiv-
ity across the electrolyte. At the limit, if ions are depleted in a particular region
of the cell, the conductivity will tend to zero. Thus, for the device to operate at
practical current densities (i.e. > 10 mA Cm'2), the concentration difference
across the boundary layer should remain small. Analytical expressions for con-
centration profiles and resultant losses have been provided in a theoretical stu-
dylg. Another consequence of the large difference between the H™ or OH™ con-
centration at the surface of electrodes and the bulk electrolyte is the appearance
of a highly corrosive medium in contact with the surface of the electrode mate-
rials. This is specifically important since in many cases buffered electrolytes are
used to provide higher levels of flexibility over the catalyst selection.

Due to the problems referred above, several groups have started to implement
techniques to probe the ionic concentrations and subsequent losses at the surface
of electrodes™. Scanning electrochemical microscopy (SECI\/I)21 is a well stab-
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lished and versatile method capable of providing three dimensional pH maps

2,

close to the electrodes with submicron resolution® *. It can also help to eluci-
date transient and steady state hydrogen evolution rates”’. Apart from SECM,
non-intrusive confocal fluorescent microscopy methods with pH sensitive dyes
can be used to probe the pH variations in three dimensions close to the
catalyst25. Additionally, some efforts have focussed on mitigating the CP losses
around the boundary layer by implementing device engineering solutions. Re-
cently, some studies have proposed the use of fast flow rates (forced convection)
of liquid electrolytes in microfluidic channels to minimize the adverse effects of
ion concentrations®. By increasing the convective transport near the electrodes,
the size of the boundary layer can be reduced and the transport of ionic species
enhanced. Under these conditions, the concentration gradients near the elec-
trodes can be significantly reduced. A recent study has also shown that bubble-
induced mixing near the surface of the electrodes can reduce the transport losses
to less than 25 mV at 10 mA c¢m™. In the contrary, a stagnant cell had limiting
currents below 3 mA cm™ '*,

Although the convective mixing due to the growth and movement of bubbles
can be beneficial for the minimization of concentration losses, the presence of
bubbles can have detrimental effects for a solar-hydrogen device. The bubbles
can increase the reaction kinetic losses if they are not released rapidly from the
catalyst surface. Moreover, in integrated photoelectrochemical (PEC) devices,
they can affect the light absorption in the semiconductor by inducing undesira-
ble scattering and reflections. Few methods have been employed to relax these
adverse effects. In an early example”, 0.01 M of the surfactant Triton X-100
was added to the electrolyte in order to reduce the size of bubbles and encour-
age faster detachments. In a fully integrated PEC device™, a louvered architec-
ture has been implemented to address the bubble related challenges. The pho-
toanode and photocathode are placed at tilt angles with respect to two horizon-
tal axes, so that the evolved gases could move towards devised outlets after suf-
ficient growth. Apart from these notable examples, most of the demonstrated
solar-hydrogen devices place electrodes vertically in an electrolyte and do not
investigate the limitations that bubble transport imposes on these systemsw'gg.
In these cases, the devices rely on the upward movement of bubbles due to
buoyant forces towards collection sites. In a deployable integrated solar-fuel
generator, this configuration will pose significant challenges, as the photoabsorb-
er will need to be placed normal to solar irradiation direction. Moving forward,
electrochemical system designs that can mitigate the transport challenges de-
scribed above can have a strong impact in the development of solar-hydrogen
devices.
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Solid electrolyte boundary layers. When devices are operated with pure water
or vapor, solid-state ion conductors are required to allow for ion-transport be-
tween the electrodes’ "', Under these circumstances the interfacial layer of the
ionomer that covers the catalyst surface plays a very important role in defining
the overall device performance. Mainly, this ionomer layer needs to allow for
fast water, gas and ion transport between the surfaces of the catalyst into the
bulk region of the device. These interfacial processes are critical in the catalyst
layers of membrane electrode assemblies in water electrolyzers. In these systems,
pure water is fed into the surface of catalysts layers, which are composed of
blends of carbon particles (providing electrical conductivity), catalyst nanoparti-
cles and ionomers such as Nafion (Figure 3.3). Within the catalyst layers, water
diffuses through the ionomer film onto the catalyst surface where the water oxi-
dation or proton reduction reactions take place. Then protons migrate across
thin ionomer films into the bulk membrane, while the evolved gases diffuse

through the ionomer layer towards collection ports42’ 43

. The overall morphology
of the catalyst layer plays a key role, as mesoscale porosity is desired to alleviate
mass transport limitations. Within state-of-the-art catalyst layers water and
gases can readily flow across the porous structure, while they diffuse slowly
through the ionomer films covering the catalyst particles. These ionomer films
usually have thicknesses in the order of 10 nm which facilitates fast transport of
species. In an effort to further improve the current throughput in catalyst lay-
ers, some research groups have started to develop high-surface area catalyst

)

layers by templating electrocatalysts into microwire alrrays44 » These rationally
designed structures have led to catalyst layers that can operate stably at current
densities of several A cm™.

Catalyst

Nanoparticles
lonomer

Carbon
Particles

Transport

Figure 3.3. Schematic representation of state-of-the-art catalyst layer describing the blend between
conducting carbon particles, catalytic nanoparticles and ionomer binder. Water diffuses fast
through the porous structure and into the ionomer thin-film towards the catalyst particles. The
evolved gases will then diffuse through the ionomer films and transport out of the catalyst layer
towards collection ports.
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3.3 Processes in bulk liquid electrolytes

The bulk liquid electrolyte is defined as the region of the device far from the
electrode surface where the concentration of species can be considered to be ap-
proximately uniform. The bulk electrolyte is bounded by the boundary layers of
the anode and/or cathode, and possibly a solid-electrolyte membrane. In a hy-
drogen generator, this region can be simple or compound. In a compound elec-
trolyte, the ionic transport takes place in a combination of a separator and a
supporting liquid electrolyte46’ T In general, the transport of species through the
bulk electrolyte needs to satisfy two conditions: (i) deliver the product gases to
independent collection ports with minimum levels of cross-contamination and
(ii) provide a low-resistance pathway for ionic transport across the electrodes
(Figure 3.4). To satisfy the first conditions, devices are designed so that Hy fuel
is supersaturated in the electrolyte and collected in the gas phase at independ-
ent ports. Membranes are commonly proposed to avoid undesirable levels of
crossover. To reduce the ionic resistance of the system, the design of the device
should minimize the interelectrode distance and incorporate electrolytes with
high conductivities. Strong acid or base electrolytes have high conductivities and
their use avoid the formation of large concentration gradients.
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Figure 3.4. Diagram of processes involved in the bulk electrolyte. Ions migrate between electrodes,
products are transported towards collections sites by convection and diffusion, and convective

flows can be used to mitigate transport limitations.

As mentioned in the previous section, some materials stability constraints can
be mitigated to some extent by operating devices under moderate pH buffered
electrolytes. As the concentration of OH and/or H' is low in buffered electro-
lytes, a significant fraction of the current in the system will be carried by sup-
porting ions. When supporting electrolytes are used in membrane-separated sys-
tems, the bulk electrolyte in either side of the membrane can reach significantly
different compositions, leading to CP losses as the ones observed in the electrode
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boundary layer. Several methods have been developed to address this challenge.
Potentiometric measurements of buffered electrolytes in cells constructed with
anion and cation exchange membranes suggest that the use of large volumes of
electrolytes per unit electrode area can prevent depletion of the buffer capaci-
ty48. This method however, increases the size of the system which can hinder
large scale deployment. Employing circulatory convective streams between the
HER and OER compartments is another solution that can relax the concentra-
tion gradients problem without the need for utilization of large volumes of elec-
trolytes49. The drawback is that by introducing recirculating streams, product
crossover is also enhanced which affects the purity of the hydrogen fuel pro-
duced. This constrains the range of recirculating flowrates that can be imple-
mented before the concentration of O, in the fuel stream reaches levels above
the flammability limit. Another promising solution involves the employment of
microfluidic approaches to reduce the volume of electrolyte, avoid the formation
of large concentration gradients, and reduce the pathlengths for ion transport;
overall reducing the cell overpotential. This is achieved by operating devices
under electrolyte streams at high flow rates so that the boundary layer thickness
is minimized. Although previous studies have shown effective, safe and robust
production of oxygen-free hydrogen stream826’46, employing these principles in
large-scale prototypes has yet to be demonstrated.

To better understand the transport processes that occur in the bulk electrolyte
it is useful to describe the physical processes using the governing transport
equations. Below, we describe these equations for conservation and transport of
chemical species coupled to the Navier-Stokes equations through a convective
term”’.

The steady state mass conservation equation for charged or neutral species is
given by,

~VeN;+r,=0 (7)

Here N; is the molar flux vector and r; is a bulk reaction source term. Similar to
eq. 4, the molar flux is given by,

N.= —z.u

i i“ive

V¢, — D, , Ve, + uc; (8)

where z, Ui, F, @, Di., ¢, and u are the species valence, effective mobility,
Faraday’s constant, potential of the liquid phase, species effective diffusivity,
concentration, and liquid velocity, respectively. The effective diffusivity and
mobility of charged species can be related by Nernst-Einstein equation: u;, =
D;./(RT). The velocity profile can be obtained through the steady mass and
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momentum conservation (i.e. Navier-Stokes) equations for Newtonian and in-
compressible fluids,

Veu=0 (9)

(e Vyu= —in+vV2u (10)

where g, p, and » are density, pressure, and kinematic viscosity, respectively. If
a porous separator is used in the device, eq. 10 can be modified for the porous
region following a Darcy’s model for porous medium,

W o) @ _ Lo vo2an v
(T-V>7_ LVp+ V3 (u) - £ (u) (11)

where £ and K are porosity and permeability of the fluid through the separator.
In this case, <u> is the superficial velocity vector: an equivalent velocity field
that allows for the treatment of the flow as if it was confined to a one-phase
media. The last term on the right side is added to account for viscous losses in
the porous separator, relevant for low velocity flows. In the case of a uniform
liquid electrolyte, this equation reduces to eq. 10 as porosity tends to unity,
permeability to infinity, and superficial velocity is replaced by the actual fluid
velocity, u. In all equations presented above, isotropic properties such as diffu-
sivity, porosity, and permeability are assumed. By solving this set of equations,
all important operational parameters can be estimated: overpotentials, product
crossover, concentration, and velocity profiles‘r)o.

3.4 Processes in solid electrolyte membranes

The safe operation of water splitting devices requires that the produced gas
streams have compositions below the flammability limit (<4% v/v of Oy in
H,)>" . Despite some notable exceptions, the co-evolution of Hy and O in a
common electrolyte will usually lead to unsustainable levels of gas crossover™> ™,
To counteract this issue, membranes can be included in between reaction sites
so that ionic conduction can be maintained between the hydrogen evolution side
and the oxygen evolution side, while at the same time gas permeation can be
averted (Figure 3.5). These tasks are similar to those imposed in membranes
used in fuel cell applications, although the ionic conduction and gas barrier re-
quirements may differ. In general, the current density across the membrane de-

pends on the material’s conductivity, « membrane thickness, L, and the

mem?

ohmic potential drop across the membrane, Vé,,,,..,

jmem = Kmemv¢mem (12)
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The gas crossover can be expressed in terms of a current equivalent loss, jxo,
which depends on the gas permeability for Hy or Os, pus and pos respectively,
and the difference in partial pressures, pps/02, between each side of the mem-
brane,

Jxo.m, = N, Fwy, Yoy, (13)
Jxo0.0, = 1o, Fvo,Vpo, (14)

The values of jxo can be used to estimate the losses in the electrodes arising
from parasitic Hy oxidation or O, reduction at the anode and cathode respec-
tively, as it describes the current losses if all of the gas that back diffuses across
the membrane is consumed at the electrodes. Furthermore, the ohmic and gas
crossover energy losses can be derived as,

.2L
thm =1= (15)
Exo = 2;=H2,02|‘l’iVPi"iF| E° (16)

with E’ being the standard potential for the water splitting reaction. These ex-
pressions describe the trade-off between the membrane ionic conduction and gas
crossover encountered in membrane design. Moreover, they explicitly describe
the factors that define the optimal membrane thickness, L,, which results into
minimal energy losses.
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Figure 3.5. Diagram of processes involved in the membrane. The balance between ion and gas
transport directly affects the overall device performance.

This expression can allow for an optimal membrane design given a set of device
operating conditions. Also, this suggests that improved membrane materials
should be designed so that the product between «,,,

» and p is minimized.
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3.5 Conclusions and Perspectives

Throughout this chapter, three critical regions where identified which interact
with each other and ultimately define the device performance: the boundary
layer, the bulk electrolyte, and the membrane. The boundary layer region is
often overlooked, but a closer attention should be given to it as it generally de-
fines the performance limitation of the devices. The transport processes within
this region are dominated by diffusion of reactive or ionic species into and from
the catalytic surface. Depending on the electrolyte composition this region can
lead to diffusion limited current densities, especially if the device is operated
under buffered electrolytes at moderate pH conditions. Whenever possible, de-
vices should be operated under strong acidic or basic electrolytes. This would
alleviate transport limitations and the formation of large concentration gradients
in the boundary layer, as well as to accelerate the catalysis processes in the elec-
trodes due to the increased concentration of reactive intermediates (H or OH).
On the other hand, it is well accepted that a large number of semiconductor or
catalyst materials are not stable under these corrosive environments. In those
cases, it is highly desirable to develop approaches where near-neutral buffered
solutions are implemented as the electrolyte. These approaches should mitigate
the formation of pH gradients around the surface the electrodes. Flow based
systems are a promising alternative in these cases, as the introduced convection
can be used to reduce the size of the diffusion boundary layer, and in this way
accelerate the transport of H™ or OH species. Research in this area can provide
insights into the transport of multi-ion buffered electrochemical systems and
could lead to the development of processes to operate solar-hydrogen generators
under near-neutral conditions at high current densities. Some modelling efforts
have started to analyze buffered systems under a set of limited conditions (i.e.
passive systems, or flow systems at low Re numbers), providing important in-
sights into the performance limits of devices operated at near-neutral leS. Ex-
perimental and theoretical investigations that expand upon this area and are
geared towards describing solutions to the pre-existing problems of buffered
electrolyte systems could positively impact the solar-fuels field by enabling ma-
terial systems that are only stable under mild pH conditions.

Critical transport processes in the bulk electrolyte involve the transport of ionic
species between electrodes and gases from the evolution sites to collection ports.
To avoid significant ionic resistance losses, the design of reactor architectures
should minimize the ionic path-length. This is particularly important for devices
that operate at high current densities (> 100 mA Cm'2) as the potential losses in
the electrolyte can account for 100’s mV. It is also important to keep in mind,
that flow systems, such as the ones implemented in commercial fuel cell or elec-
trolysis units, can alleviate the mass transport limitations of devices and aid in
40
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the collection of the fuel streams while mitigating gas crossover. To this end,
stagnant cells or those where low flow rates are implemented will suffer from
large gas back diffusion, and will most certainly require the implementation of
membranes to avoid unallowable levels of oxygen contamination in the hydrogen
fuel stream.
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Chapter 4
A micropillar array for sample

concentration via in-plane evaporation

We present a method to perform sample concentration within a lab-on-a-
chip using a microfluidic structure which controls the liquid-gas interface
through a micropillar array fabricated in PDMS between microfluidic channels.
The microstructure confines the liquid flow and a thermal gradient is used to
drive evaporation at the liquid-gas-interface. The evaporation occurs in-plane to
the microfluidic device, allowing for precise control of the ambient environment.
This method is demonstrated with a sample containing 1 pm, 100 nm fluores-
cent beads, and STYO-9 labelled E. coli bacteria. Over 100 seconds, the fluores-
cent beads and bacteria are concentrated by a factor of 10.
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4.1 Introduction

Sample concentration is a critical operation ubiquitous in lab-on-a-chip applica-
tion due to the small volume of fluids and small concentration of samplesl. A
variety of methods to concentrate samples have been developed using pressure
driven flow via syringe pumps’, electrophoresis®, dielectrophoretic’, centrifugal
forcess, magnetophoresisﬁ, optoelectronic7, capillary ﬂowg, ion concentration po-
larization” and evaporation-induced flow™. For evaporation-induced sample con-
centration, the fluidic flow is generally constant and the technique is applicable
to any biological or chemical samples'’. In this chapter, we focus on sample con-
centration via evaporation using a PDMS micropillar array adopting a technique
developed for silicon microfluidic channels'’. We apply this technique to aqueous
samples containing bacteria and fluorescent agents.

Membrane-based liquid-gas separation is a well-studied topic and has been re-

12,13,14,15 . .
. These separations are used for adsorption, where

viewed extensively
gaseous phase is introduced into the liquids; stripping, where volatile compo-
nents are removed from the liquid phase into the gas phase; and distillation,
where miscible fluid mixtures are separated through vapor pressure and/or
thermal differences. In this chapter, we focus on sample concentration as it ap-
plies to the lab-on-a-chip community where the samples are aqueous and the

liquid flow is continuous.

Evaporation based microfluidic methods have been previously developed to per-

127 These methods rely on controlling the evapora-

form sample concentration
tion at the outlet, replacing the vaporized liquid via capillary effects and sucking
liquid through the microfluidic channel at pre-determined rates'. This evapora-
tion rate can be actively controlled using pressure17 or temperaturelg. It can be
used to manipulate bloodlg, bacteriam, DNA* and viruses® or generate chemical
gradients to perform chemotaxis experiment323. Additionally, structures within
microfluidic channe1524, open surface microchannel grooves25, open-surface micro-

27
can be used to concentrate

traps26 and super-hydrophobic nano-structures
compounds at selective locations. Most of these methods rely on evaporation
into an ambient atmosphere at the outlet of the microfluidic channel. Concen-
trating compounds via structures within microfluidic channels™ can be highly

advantageous since the fluids inside the channels can be rapidly modified.

Since evaporation is proportional to the surface area and also to the difference
between the saturation and actual water vapor pressures near the surface of the
liquid, we maintain a low water vapor pressure by having a thermal gradient
between the water surface and the area where condensation takes place. In pre-
vious demonstrations, evaporation takes place from a large droplet at the outlet
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of the microfluidic channel, with a heat sink placed at some distance away from
the chip. Miniaturizing this system, such that evaporation occurs inside the mi-
crofluidic channel, can result in a dramatic decrease of the total vaporized rate
if the total area remains about the same without changing the thermal gradi-
ent™. Therefore, a goal of the microfluidic method is to increase both the: 1)
surface area to volume ratio and 2) vapor pressure differentials via thermal gra-
dients. These two components are an accepted advantage of microfluidics over
traditional methods in energy applications%, chemical synthesis30, microreac-

31 4. 32 . . . 33
tors™, biosensors™, and medical diagnostics™.

Hydrophobic Hydrophobic

virtual walls virtual walls

(b)

0 Iy
Demememomomom©

Figure 4.1. (a,b) Side-view and top-down diagram of liquid repellent structure. In the microfluidic
chip, there is flowing sample which contains bacteria, particles and chemicals to be concentrated.
The liquid repellent structure, between the sample channel and the air cavity, allows water vapor
through but not liquid water. The air cavity fills up with vapor. The vapor can condense in the
cavity or escapes to the outlet ports. (¢) A picture of a 1 cm by 1 cm device, on a black back-
ground, with 3 parallel structures is shown.

The issue of generating a microstructure to separate liquid and gaseous phase
within microfluidics is tackled by a variety of debubbling mechanisms. Unwant-
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ed gas bubbles in microfluidic channels can be removed from continuous flow by
open microfluidics™ and various microstructures such as hydrophobic venting
holes%, pneumatic bubble traps%, integrated bubble trapsg7, membrane based
debubblersgg, electrochemical debubblers™ and in-plane debubblers®.

Improved performance is obtained via external pressure and thermal integra-
tion™. Alternatively, these bubbles can be used as a means to valve fluidic
flow™. We were inspired by micropillar liquid-gas separationsu, hydrophobic
venting holes, and microfluidic debubblers to design a polymer-based microfluid-
ic structure with micropillars, as shown in Figure 4.1.

4.2 Design Optimization

The microfluidic chip was made using polydimethylsiloxane (PDMS, Sylgard).
PDMS was mixed at a ratio of 10:1 base and curing agent. This was poured
onto a SU-8 mold for the PDMS fluidics layer, made using photolithography on
a Si wafer. A flat PDMS layer was made using an empty Si wafer. After punch-
ing inlet and outlet ports into the PDMS fluidics layers, the two pieces of
PDMS are brought together. It has an inlet sample microfluidic channel with a
width of 800 um. There are 100 ym by 100 pm openings in between posts of 100
um by 100 ym (width and length). These posts form a part of the liquid repel-
lent structure, which separates liquid water from vapor water. The air cavity is
500um wide. The total structure is approximately 2800 ym wide. The two mi-
crofluidic channels are driven by gravity pressure from water tanks.

First, we simulate the microfluidic chip containing the liquid repellent structure
in COMSOL to optimize parameters. A 3-dimensional version of the chip as
shown in Figure 4.1 is modelled in COMSOL. Fluid flows into the sample micro-
fluidic channel. The sample is heated to 30°C. The fluid velocity in the sample
microfluidic channel is dependent on the amount of vaporized water. The
amount of vaporized water is determined by the difference of the saturated va-
por pressure and the actual vapor pressure near the hot body of water. Propor-
tional to this difference, heat in the form of the enthalpy of vaporization is re-
moved from the sample-liquid repellent structure interface. When a heat sink
condenses the water vapor, the vapor pressure decreases, heat is released in the
form of enthalpy of condensation, and additional evaporation from the hot body
of water can occur. To model the amount of water which is evaporating from
the sample interface and condensing on the air cavity, we use the mass transfer
equation as described by Plesset”. Two bodies of water at different tempera-
tures will have a mass flow of water which vaporizes from the hot body of water
and condenses on the cold body of water, assuming salinity is equivalent. The
equation is
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RT, 1 - (pypg)(TyTy)
2aM 1 4 [Ty,

where J is the mass flow rate, « is the evaporation coefficient, M is the molecu-

J =ap

lar mass of the water, T, is the temperature at warmer interface, T) is the tem-

perature at cooler interface, p; is the saturation vapor density at T; (i is either 0

or 1), and R is the universal gas constant.
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Figure 4.2. Optimizing parameters on the liquid repellent structure on a chip. Four parameters
were optimized in COMSOL simulations: (a) fluidic channel thickness, (b) input fluidic water
width, (c) excess PDMS and (d) length of fluidic channels. Thicker fluidic channels achieve higher
total output, in an almost linear manner. However, thicker fluidic channels are difficult to fabri-
cate as photolithography is generally limited to a 5:1 height to width ratio. There is indifference
to the water width and excess PDMS thickness. Excess PDMS leads to higher material cost. Last-
ly, longer fluid channel lengths are preferred to shorter ones. Shorter lengths require more precise
fluidic flow rates in experiments, otherwise, much of the energy is lost in the waste stream. Simu-
lation error bars are due to meshing sensitivity.

In the simulations, we take the temperature along the sidewall of the sample
microfluidic channel and the sidewall of the air cavity. After averaging in
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height, we take the temperature and plug into the equation for a differential
length-scale of 0.1 — 1 um, which is the smallest size of the simulation mesh.
This energy is removed from the sample microfluidic channel and added to the
sidewall of the air cavity. At steady-state, we sum up the total amount of water
added per second in the air cavity. This is the amount of clean water generated
or distillate output.

There are four parameters of the microfluidic chip which are varied in the simu-
lation: microfluidic cavity depth, excess PDMS as insulator, microfluidic channel
width and microfluidic channel length. As shown in Figure 4.2, the structure is
indifferent to channel widths and excess PDMS. Optimal parameters were ob-
tained for thicker cavities and longer channel lengths. Thicker excess PDMS
leads to additional cost and longer channel lengths lead to more difficulty main-
taining a proper hydrodynamic resistance ratio. Cavity and microfluidic channel
thickness is limited by SU-8 mold fabrication and PDMS soft lithography to
400 um. There is no optimized value for the post dimension and it can be select-
ed to meet the fabrication method’s requirements such as photoresist’s maxi-
mum deliverable aspect ratio. Distances between the posts are more important
than the posts themselves since they decide the hydraulic resistance in the cross-
flow direction. This resistance is directly proportional to the maximum allowa-
ble liquid backpressure. Therefore, the void dimension can be selected to tune
the maximum achievable velocity of liquid in the sample channel.

With the optimal parameters determined by simulations for fluid channel thick-
ness, fluid channel width, length of fluid channel and excess PDMS, we select a
good system design for the liquid repellent structure and experimentally verify
its stability and capability. In order to predict the maximum pressure flow that
can be contained in the central channel, we use a similar method as in ref. [11]
except, in our case, the material in the microfluidic channel is PDMS rather
than silicon. Manipulating the height of the water tank allows us to modify the
inlet pressure. We take images of the radius of curvature of the water-air inter-
face at the sample microfluidic channel, as shown in Figure 4.3. The radius of
curvature at the interface is determined by the Laplace-Young equation

1 1
AP = (ot —)
R, R,
where y is surface tension, R, and R, are the radii of curvature and AP is the
pressure difference between liquid and vapor phase. From the images, we obtain
R,. We can infer R, from R,. At a water tank height of 0 mm, the radii of cur-

vature R, and R, is oo since the pressure inside and outside the water is the

same. As the water tank is raised in height, the radii of curvature decreases
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since the pressure inside the water is higher than in the ambient air. When the
water tank is increased to a maximum of 80 mm, the radius of curvature
R, <40 pym and the sample enters into the liquid repellent structure.
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Figure 4.3. Graphs (a,b) and images (c,d,e) of water velocity and radius of curvature at the water-
air interface as the water tank is changed in height experimentally. As the height is increased, the
fluid flow velocity increases and the radii of curvature decreases. At some height, the liquid repel-
lent structure does not prevent liquid water from entering into it, a condition we term, break-
down. We note that breakdown occurs at 80mm of height for the water tank. Stable fluid flow is
achieved for fluid velocity of 550 um/second and a radius of curvature at R,~ 40 um. This is equiv-
alent to 0.2 uL/second for the 1em by 8 mm chip or 0.8 mL/hour per 1em?.

Second, we calculate the fluidic resistance of the liquid repellent structure. The
hydraulic resistance’ is determined by

N 12uL
~ wh3(1 — 0.630h/w)

for a microfluidic channel with viscosity u, height h, width w and length L
where h < w. When w < h, one can switch the two variables. We assume a fixed
fluid viscosity u and height A =400 um for all structures. The two variables are
width w and length L. We assume that the fluid must travel from the inlet of
the sample microfluidic channel to the outlet of the sample microfluidic channel
without any connections between the sample microfluidic channel and the liquid
repellent structure.
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Figure 4.4. Experiment of fluorescence concentration using the liquid repellent structure on a chip
with Rhodamine 6G contaminated water. A diagram of the liquid repellent structure is overlaid
on the images (a,b). The Rhodamine 6G is visualized using a 514nm Argon laser. Rhodamine 6G
containing contaminated water, pre-heated to 50°C, is flowing through the sample microfluidic
channel. The liquid repellent structure separates the Rhodamine 6G contaminated water from the
air cavity. Over time, condensate forms inside the air cavity, which we can see from the light
scattering. There is clear separation of the Rhodamine 6G between the air cavity and sample
channel.

An equivalent fluidic resistance circuit would be many cross-sections in series
consisting of the sample microfluidic channel with width w = 800 um and length
L =100 yum along with a side channel with width w =100 um and length
L =500 pum, connecting from and to the microfluidic channel through the open-
ings in the liquid repellent structure.

Therefore, the fluidic resistance of each parallel small structure is more than 2
orders of magnitude larger than the central fluidic channel. As such, one can
expect to have about 100 small openings before the side openings have equiva-
lent fluidic resistance to the sample microfluidic channel. If the openings are
100 um wide, the sample microfluidic channel can be 1 ¢m long.

With these two parameters: a 75 mm high water tank and a 1 cm long sample
microfluidic channel, we know the water pressure and hydrodynamic resistance.
The fluidic flow rate is determined by:

AP =R X(Q

where Q is the volumetric flow rate in the channel and R is the hydrodynamic
resistance. Experimentally, the maximum average fluidic velocity is 550 um/
second at a radius of curvature at 40 um. This is equivalent to 0.2 uL/second for
lem by 8mm chip or 0.8 mL/hour per 1 em?.

52



A micropillar array for sample concentration via in-plane evaporation Chapter 4

With these additional calculations, the most practical design was chosen with
depth at 400 um, 1 c¢m long microfluidic channel and air cavity, and 2 — 10mm
total PDMS thickness. In the experiments, we characterized the liquid repellent
structure by resolving the following questions: 1) Does the structure keep the
liquid separated from the vapor, and 2) How good is the structure at concentrat-
ing samples?
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Figure 4.5. Comparison of experimental and simulation results of distillate output and concentra-
tion factor from the liquid repellent structure on a chip. Experiments were performed with the
chip cooled to 20°C; the body of water in the sample microfluidic channel was heated up to be-
tween 30°C to 80°C. Simulation results are shown in a dotted green line. Experimental results are
plotted with error bars. The simulation output is higher than the experimental results. This factor
comes about due to additional losses which were not considered in the simulation of the fluidic
channels. For example, in actual experiments, there is additional heated fluid exiting the system
as waste which is not all accounted for in the simulations.

4.3 Experimental Results

The liquid repellent structure on a chip is very adept at separating vapor and
corresponding condensate from the sample in the microfluidic channel. To use
the liquid repellent structure to concentrate samples, we modified the input
sample temperature while keeping the chip cool. The chip was kept continuously
at 20°C; the body of water in the sample microfluidic channel was pre-heated.
Figure 4.4 shows results with 50 ug/mL Rhodamine 6G (Sigma Aldrich) contam-
inated water heated to 50°C, visualized with a 50 mW/cm® 514 nm Argon ion
laser. Rhodamine 6G containing contaminated water is flowing through the
sample microfluidic channel. The liquid repellent structure separates the Rho-
damine 6G contaminated water from the air cavity. Over time, condensate
forms inside the air cavity, which we can see from the light scattering. There is
clear separation of the Rhodamine 6G between the air cavity and sample chan-
nel as evidenced by the lack of fluorescence response in the region outside the
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membrane. The vertical stripes in Figure 4.4b are an artefact due to the fluores-
cence filter.
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Figure 4.6. Experiment of particle concentration using the liquid repellent structure on a chip with
SYTO9 labeled E. coli, green fluorescent 100nm and lum particles contaminated water. A dia-
gram of the liquid repellent structure is overlaid on the images (a,b,c). The bacteria and particles
are visualized using a 488 nm Argon laser. The contaminated water, pre-heated to 50°C, is inside
the sample channel. The liquid repellent structure separates the contaminated water from the air
cavity. There is clear separation of the bacteria and particles between the air cavity and sample
channel. As we increase the magnification of the imaging system to get a better count of the
number of bacteria and particles, most objects appear out-of-focus as the cavity depth is greater
than the depth of focus. Therefore, we measure the total particle count by taking several images
at different focal depths. We count the number of particles in the field of view as water evaporates
over time in (d). There is a 10x concentration of the particles over 100 seconds, which is in agree-
ment with simulation results.

To measure sample concentration capability with different pre-heating condi-
tions, we measured the distillate output at different input temperatures. The
chip was kept continuously at 20°C; the body of water in the sample microfluidic
channel was pre-heated to between 30°C to 80°C. Due to the temperature differ-
ence and continuous flow of the pre-heated sample, continuous distillation oc-
curs. At 30°C, we experimentally obtain 0.2 mL/hour per 1 em?; at 80°C, we ex-
perimentally obtain 3.6 mL/hour per 1 em?. Simulations were performed with the
same parameters as the experiment to quantify distillate output. At 30°C, we
simulate a distillate output of 0.3mL/hour per 1 em?; at 80°C, we simulate a dis-
tillate output of 5.1 mL/hour per 1 cm?.

A relationship between distillate output and concentration factor can be deter-
mined by the following formula:
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C -C Vinitial + Vdistillate
final = “initial ® V. Vv
initial + waste

where C;

imitiar 15 the initial concentration of particles, Cy,, is the final concentra-

tion of particles, Vs is the initial volume inside the microfluidic channel,

Viistinate 15 the distillate output, and V,,,, is the waste output from the central

aste
microfluidic channel.

As shown in Figure 4.5, there is general agreement on the curve although the
simulation output is higher than the experimental results. This factor comes
about due to additional losses which were not considered in the simulation of
the fluidic channels. For example, in actual experiments V,,,, # 0 and there is
some heated fluid exiting the system in the outlet but in the simulations, we

assume there is no exiting fluid and that V,,,, = 0. Additionally, some energy is

aste
lost as the two bodies of water are quite far from each other and some water
vapor may condense in the air cavity closer to the liquid repellent structure and

farther away from the cavity walls.

We performed an experiment with fluorescent particles, as shown in Figure 4.6.
The contaminated water, pre-heated to 50°C, contains 10’/mL SYTO9 (Invitro-
gen) labeled E. coli K12 JM101 (Bioconcept), 107/mL yellow-green fluorescent
100 nm latex beads (Invitrogen) and 10’/mL yellow-green fluorescent 1 um latex
beads (Invitrogen). The bacteria and particles are visualized using a 100 mW/
em® 488 nm Argon ion laser. The contaminated water is flowing through the
sample channel. As before, the liquid repellent structure separates the contami-
nated water from the air cavity. The outlet is closed to prevent continuous flow.
Over time, the particle concentration increases; the temperature in the sample
microfluidic channel decreases until it is in equilibrium with the entire microflu-
idic chip. We see 10x concentration of the particles over 100 seconds.

4.4 Discussion

Experiments with evaporation-based concentration methods are limited by the
ambient environment (i.e. humidity, room temperature, etc.)lG. Control of the
evaporating surface which determines the amount of evaporation, and the heat
sink which removes the excess vapor, requires precise control of both the evapo-
rating surface area and the thermal gradient. Although both concepts were

17,18,24
07 we demonstrate the capa-

demonstrated external to the microfluidic chip

bility to control the two factors within the microfluidic chip to perform sample

concentration. Experiments with open surface microchannel grooves25 provide a

very similar basis to compare against our results. With the hot body of water at

20°C, air velocity at 0.15 ms™' and relative humidity at 50%, they are able to

obtain 2% increase in particle concentration per 1 second with a 125 ym wide
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and 80 um deep channel. 50% relative humidity at 20°C is equivalent to saturat-
ed humidity at about 9°C. If we interpolate the data from our experiments, we
are capable of experimentally obtaining 2% increase in sample concentration per
1 second by having the hot body of water at 28°C and the heat sink at 20°C. If
one looks at the saturated vapor pressures for these two temperatures, the
change in vapor pressure is very similar. Therefore, we obtain very similar re-
sults for sample concentration with an evaporation based microfluidic device in
a much smaller footprint.

4.5 Conclusion

We have demonstrated using a liquid repellent structure to perform both distil-
lation and evaporation based sample concentration in-plane inside a microfluidic
chip. We demonstrate 3.6 mL/hour per 1 em? distillate output using two bodies
of water at 20°C and 80°C. Using the same structure, we demonstrate 10x con-
centration of fluorescent particles over 100 seconds. We anticipate the proposed
microfluidic structure will enable novel applications in communicating micro-
channels within integrated lab-on-a-chip systems. The approach is lightweight,
low cost and of low complexity.
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Chapter 5
Solar Thermal Harvesting for Enhanced
Photocatalytic Reactions

he Shockley-Queisser Limit" predicts 30% mazximum efficiency for single

gunction photovoltaic (PV) cells. The rest of the solar energy is lost as
heat, reflection and transmission through the PV, and charge carriers re-
combination. In the case of photocatalysis, this mazximum value is smaller
since the charge carriers should be transferred to acceptor molecules rather
than conductive electrodes. With this perspective, we realize that at least
70% of the solar energy is available to be converted into heat. This is specif-
ically useful for photocatalysis, since heat can provide more kinetic energy to
the reactants and increase the number of energetic collisions leading to the
breakage of chemical bonds. Even in natural photosynthesis, at most 6% of
the solar spectrum is used to produce sugar and the rest of the absorbed pho-
tons are converted into heat in a process called transpiration. The role of
this heating component is often overlooked; in this chapter, we demonstrate
a coupled system of photothermal and photocatalytic decontamination of wa-
ter by titania, the most widely used photocatalyst for various photo reac-
tions. The enhancement over solely photocatalytic water decontamination is
demonstrated to be 82% at 1X sun. Our findings suggest that the combina-
tion of photothermal solar energy capture with photocatalysis is a suitable
strategy to wutilize more of the solar spectrum and improve the overall per-
formance.
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5.1 Introduction

As the fossil fuel energy resources approach their limits, the quest for renewable
alternatives is attracting more attention from the scientific and industrial com-
munities’. Among these alternatives, the sun is the most promising source of
energy4.

Solar energy is utilized in several ways which can be classified as direct and in-
direct. In direct utilization, the energy of the sun is not converted into other
forms of energy such as electricity, but it directly drives a photochemical process
such as water or air purification5‘7. On the other hand, there are mechanisms to
convert and store the solar energy to be consumed later. This energy storage can
be electrical, as performed by photovoltaic panelsg, or chemicalg, as performed in
solar reforming of liquid fuels'’. Substantial studies are conducted to increase
the efficiency of these processes. In case of single junction PV cells, the goal is to
approach the 30% theoretical efficiency limit predicted by Shockley and
Queisser1 for a semiconductor with bandgap energy of 1.1 eV. The rest of the
solar energy is wasted as heat, transmission/reflection, and recombination of
charge carriers. For photocatalytic reactions such as water treatment or fuel
reforming, there is no counterpart calculation that we are aware of. However, it
can be claimed that this value should be smaller than 30%, since in these reac-
tions, charge carriers should be transferred to acceptor molecules rather than
conductive electrodes. The interacting molecules should be very close together so
that the electron orbitals could overlap. Achieving this requirement is often very
difficult when dealing with complex molecules. Therefore, at least 70% of the
solar energy is available as heat which can be injected into the system to
achieve faster reaction rates. It is worth noting that this discussion is valid for
single band gap materials. If layered structures with concentrated sunlight are
considered, this limit no longer holds. However, the price of such devices is very
high at present and for many applications not economical.

Photocatalytic decomposition of organic pollutants in water has been investigat-
ed in many works since it is a low-cost and environmental friendly technology

11-15 I

meeting the requirements of zero waste scheme in wastewater industry n

general, the dissociation of organic molecules can be summarized in the follow-

. . .15
ing chain reactions :

Oy +e — Oy
H,O +h™ — H + OH

P+h =P
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0,” + OH + P~ — Degradation Byproducts

In the above reactions € and h' are photo-generated charge carriers at the
chemically active sites and P stands for the pollutant molecule. Several parame-
ters such as catalyst loading, pH, temperature, dissolved oxygen, contaminants
type and concentration, light intensity and wavelength affect this process’s per-
formance. Among these, temperature is the factor that we are going to deal with
directly. It has been shown that the optimum temperature for pollutant dissoci-
ation over photocatalysts is in the range 20 to 80°C"%. Above 80°C, the recombi-
nation of charge carriers becomes severe and below 20°C, the reaction’s apparent
activation energy increases. Therefore, as temperature increases, there is a trade-
off between the charge carrier recombination and more favorable kinetics at
reaction sites which can be realized from Arrhenius equation. The exact value of
the optimum temperature depends on a number of factors such as type of pho-
tocatalyst, type and concentration of pollutants, etc. The existence of a favora-
ble temperature range has been observed in other chemical photoreactions, for
instance, ethylene oxidation'” where thermal enhancement is reported between
100 to 200°C.

Microfluidics offers new opportunities for chemists as the large surface to vol-
ume ratio is an advantage for catalytic reactions. In addition, if heat transfer is
considered to speed up the reaction rate, going towards small scales is favorable,
as more heat transfer area is available and thermal mass of the system decreas-
es. Lower thermal mass means less required energy input and less initial warm-
up time. If a photoreaction is considered, optimal design of the reactor using
optofluidic techniques can lead to even higher efficiencies'®. In light of these
benefits, researchers have designed and studied optofluidics reactors for photo-
catalytic reactions. Lindstrom and Wootton' achieved impressive loading of 66
gr of titania per reactant liter by coating the microreactor’s walls with photo-
catalyst. They reported photodegradation rate of 10.6 % s for 0.1 mM solution
of Methylene Blue (MB) at 12 pl min™ flow rate. Lei et al.”’ compared the per-
formance of a planar optofluidics reactor with a bulk reactor and observed an
enhancement of up to 100 times. In this chapter, we integrate a black absorbing
layer to a planar reactor and convert the portion of the spectrum not used by
the photocatalyst into heat. This enables us to put into test, the validity of
above-mentioned discussion in practice. To our knowledge, this is the first time
that sunlight is employed in a photocatalytic reactor as a shared source for both
catalysis and heating.
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5.2 Motivation

We have experimentally demonstrated titania based water treatment as the case
study to demonstrate the benefits of incorporating solar thermal management in
a photocatalytic reaction. After the pioneering work of Fujishima and Hondam,
TiOy remains the most widely studied photocatalyst due to its photo stability,
chemical inertness, and low price. On the other hand, there is a major problem
with TiOy due to its large bandgap energy (73.2 €V), meaning that it can only
absorb in the UV region (A < 387 nm). Figure 5.1 is based on solar spectra data
from National Renewable Energy Lab and it illustrates that less than seven per-
cent of the solar spectrum lies in the UV region (up to 400 nm) and the rest is
not absorbed by TiO,™. Huge efforts have been made to overcome this problem
by bandgap engineering methods such as dopimg23 or integration of other mate-
rial like metallic nanoparticles in plasmonic photocatalysis%. We offer a different
approach to address this issue by converting into heat the rest of the 93 percent
of the sunlight and drive the chemical reaction at elevated temperatures. Fig-
ure 5.2 displays the idea schematically.
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Figure 5.1. Spectral distribution of sunlight based on NREL data.

We conducted 2D axisymmetric thermal simultation using the COMSOL Mul-
tiphysics Software package in order to estimate the temperature values that we
can reach in our microreactor. The model’'s geometry is exactly the same as the
one used in the experiments. One set of simulations is done assuming air free
convective cooling on all boundaries and another set is done assuming an insu-
lated bottom surface and air free convection on the other ones. At the bottom of
the reaction chamber a heat source of 700 W/ m” is considered due to the 70%
64



Solar Thermal Harvesting for Enhanced Photocatalytic Reactions Chapter 5

absorption of the sunlight (1 kW/ m”) by the absorber layer. Figure 5.3 shows
the results of these simulations indicating a maximum temperature of 50°C and
84°C for the non-insulated and insulated cases, respectively.
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Figure 5.2. Schematic of solar thermal harvesting for photocatalysis
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Figure 5.3. Temperature profile of a reactor with integrated absorber. a) Without insulator at the
bottom. b) With insulation at the bottom.

5.3 Device Fabrication

Three different reactors with a capacity of 350 pl. were fabricated. The first one
is a photo reactor with a porous TiOz thin film at the bottom. The second one is
a photo-thermal reactor with an additional carbon black absorber layer beneath
the titania layer and the third one is a thermal reactor lacking the catalytic bed.

The reaction chamber is cylindrical with base diameter of 3 cm and height of

500 pm. This specific shape is selected to minimize the heat loss from the side
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walls. An SU8 mold is first realized using UV lithography and then PDMS is
used to replicate the shape of the reactor. The porous catalytic bed is made by
the sol-gel method in two stepsZO: TiOs colloid preparation followed by deposi-
tion of the porous thin film on the glass substrate. To prepare the colloidal solu-
tion, 0.4 gr of anatase titania nanopowder with average size of 25 nm (Sigma
Aldrich) was added to 20 ml of DI water containing 16 ul of acetylacetone
(Fluka) under magnetic spinning. Acetylacetone prevents aggregation of nano-
particles. After few minutes, 8 ul of Triton X-100 (Fluka) is added to improve
the wetting properties of the colloid. Finally, 0.1 gr of polyethylene glycol, PEG,
(Sigma Aldrich) was added and the solution was kept overnight under continu-
ous stirring. PEG improves porosity of the final titania thin film.
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Figure 5.4. a) SEM image of the titania film showing its small pores. b) Transmittance spectra of
the thin catalytic film in the UV region.

In the second stage, the upper area of a float glass wafer is wet etched by 10 pm
in order to highlight the edges of reactor chamber’s base. 50 pl of the colloid was
applied to the center of the etched area and it was spread over the whole area
by spin coating for one minute. Non-etched areas are cleaned with acetone. Fi-
nally, the calcination step at 500 °C is done for 90 minutes. This step is neces-
sary to get rid of organic additives present in the thin film and also to get po-
rous structures. Finally, a uniform and translucent titania film was visible on
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top of the glass slide. The SEM image of this porous film is presented in Fig-
ure 5.4a. The transmittance of this thin film is measured in both the UV and
visible regions using a spectrometer (Andor Technology). These measurements
report transmittance of less than 30 percent between 360 to 380 nm
(Figure 5.4b) and above 60 percent for wavelength larger than 430 nm.

The photcatalyst covered glass and PDMS chamber were plasma-bonded to-
gether. A 3 cm by 3cm glass slide, 500 pm thick, was also plasma-bonded to the
top of the PDMS in order to increase its stiffness and prevent it from bending
and touching the bottom of the reactor. A black absorber layer is made out of
black PDMS which is obtained by mixing 40 nm carbon black nanoparticles
with PDMS (1:15 ratio) and curing it at 70 °C overnight®. The thickness of this
layer is approximately 2 mm and it was plasma-bonded to the backside of bot-
tom glass slide. The photothermal reactor’s fabrication process flow and pictures
of fabricated devices are demonstrated in Figure 5.5.

a
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TiO, deposition - Glass

PDMS
- Tio,

Glass bonding
- Absorber

PDMS bonding

Absorber bonding

Figure 5.5. a) Fabrication procedure of a photo-thermal reactor. b) Fabricated photo reactor. c)
Fabricated thermal reactor. d) Fabricated photo-thermal reactor.

5.4 Results and Discussion

The experiments were done with a 12 V, 80 W halogen light source with a tubu-
lar light guide which filters the light to match the solar spectrum in the UV and
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visible regions. The distance between the optofluidic reactor and the tip of the
light guide is adjusted by means of a power meter to match the 1X solar flux of
1 kW/ m”. In addition, integration of the light guide prevents the heat generated
by the lamp to reach the reactor, therefore, avoiding erroneous results. Compar-
ison between the solar spectrum and the light source’s spectrum is presented in
Figure 5.6, both measured using an Ocean Optics HR4000-CG spectrometer.
The solar measurement was done at 12 pm of a clear sunny day.

350 pl of 3e-5 M solution of MB (Fisher Scientific) is injected into each reactor
and put under radiation for 15 minutes. While running the experiment for the
photothermal reactor, the rector’s bottom surface is put in touch with silica
aerogel grains which are excellent insulators with thermal conductivities of 0.02
W/mK at atmospheric pressure and 45 °C*. The liquid is collected in cuvettes
afterwards for absorbance measurements using a precise spectrometer (Andor
Technology). Absorbance can be related linearly to the concentration of MB in
water according to the Beer—Lambert law since the initial concentration of MB
is very small (3e-5 M). Degradation percentage is calculated by monitoring ab-
sorbance change before and after exposure at 664 nm corresponding to the MB’s
peak absorbance'®. The detailed degradation pathway of MB in aquatic solution

. . . 27
is reported in previous works™'.
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Figure 5.6. Comparison between solar and light source’s spectra.

Absorbance curves for the three reactor types are shown in Figure 5.7 together
with that of the pristine solution. Corresponding values at 664 nm for the initial
solution, thermal, photo, and photothermal reactors are 95, 93, 73, and 55 per-
cent, respectively. The absorption peak is also blue-shifted as we move from the
initial solution towards the photothermal reactor. This is an indication of de-
methylated dyes formation inside the reactors™. MB degradation amount is very
small in the thermal reactor due to the lack of photocatalytic effect. The photo
reactor shows 22 percent reduction in MB concentration and the photothermal
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reactor 40 percent for the same conditions. This 82 % enhancement is the result
of heating.
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Figure 5.7. Absorbance curves for three different reactors compared with the initial solution

Control experiments have been done using the photo reactor on a hot plate at
different temperatures. The closest results to the photothermal reactor are ob-
tained at temperature of 42 °C measured by a thermocouple at hotplate’s sur-
face. Figure 5.8 depicts that the photothermal reactor degrades MB about 5
percent more than the photoreactor at this elevated temperature. Thus, the
equilibrium temperature inside the photoreactor should be slightly above this
value, i.e. around 45 °C. This temperature is limited by the transmittance prop-
erties of the titania thin film. In order to raise the temperature, a visible-near
infrared (VIS-NIR) absorber can be used for fabrication of the rector’s top sur-
face. This material should transmit UV light (below 400 nm) and use the longer
wavelengths for heating of the chamber. Such a material can be realized by mix-
ing PDMS with appropriate dyes and then characterizing its transmis-
sion/absorption propertieszg.
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Figure 5.8. Results of the control experiment with photo reactor on a hot plate set at 42 °C and
comparison with photothermal reactor’s obtained values.
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5.5 Conclusion

In order to observe the effect of solar thermal harvesting on photo reactions,
water purification capabilities of thermal, photo, and photothermal reactors are
investigated under similar working conditions. One sun is used as the light
source and TiO; as the photocatalyst in a fixed bed configuration. The photo-
thermal reactor showed the best performance with 82 percent augmentation over
the unheated photo reactor. This can be explained by comparing titania’s band
gap energy and solar spectra: almost 93 percent of the sunlight is not used by
titania. This means that this large portion of energy is absorbed by the absorber
beneath catalytic bed in this reactor and turned into heat favoring reaction ki-
netics. To our knowledge, this is the first demonstration of the exploitation of
solar energy as the shared source for both heating and catalytic purposes.
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Chapter 6
Vapor-fed microfluidic hydrogen

generator

Water—splitting devices that operate with humid air feeds are an attractive
alternative for hydrogen production as the required water input can be
obtained directly from ambient air. This chapter presents a movel proof-of-
concept microfluidic platform that makes use of polymeric ion-conductor (Nafi-
on@) thin films to absorb water from air and enables the electrochemical water-
splitting process. Modelling and experimental tools are used to demonstrate that
these microstructured devices can achieve the delicate balance between water,
gas, and ionic transport processes required for vapor-fed devices to operate con-
tinuously and at steady state, at current densities above 3 mA/cmg. The results
presented here show that factors such as the thickness of the Nafion films cover-
ing electrodes, convection of air streams, and water content of the ionomer can
significantly affect the device performance. The insights presented by this work
provide important guidelines for the material requirements and device designs
that can enable practical electrochemical hydrogen generators that work directly
with ambient air.
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6.1 Introduction

A large increase in the share of renewable energy sources for power production is
essential to significantly decrease the current levels of CO, emissions’ %, Large
amounts of investment have been allocated to increase the capacities of solar
and wind-based power generation. At the same time, power derived from these
intermittent sources has brought significant challenges for their incorporation
into our current electricity distribution infrastructure, where electricity genera-
tion generally needs to match the demand. Efficient means for power storage
and redistribution are needed in order to allow a further penetration of renewa-
ble energy power production. Electrochemical approaches for power storage by
devices such as batteries, flow-batteries, electrolyzers and fuel cells exhibit a
significant advantage over other means of storage, namely their efficiency is not
limited by the Carnot efficiency of heat engines, as it can reach levels above
70%. Water electrolyzers, in particular, can easily accommodate excess renewa-
ble electricity by converting it into hydrogen fuel, which can be stored and sub-
sequently used to regenerate electricity in a fuel cell> %,

Classical electrolysis systems operate under alkaline electrolytes which allow the
use of inexpensive and earth-abundant catalysts that operate under basic condi-
tions. These alkaline systems pose significant corrosion challenges for all system
components as they require operation under strongly basic electrolytes. More
recent approaches to water electrolysis implement membrane-electrode assem-
blies (MEAs) based on proton exchange polymer membranes (PEM) and noble
metal catalysts to perform the water splitting process5'7. These systems have
significant advantages as the ohmic losses through the polymer are minimized
by the implementation of thin electrolyte layers, and they are fed with deionized
water, alleviating most of the corrosion issues posed by alkaline electrolyzers.
One alternative to using deionized water as the feed is to extract water directly
from the vapor phase. Examples of vapor phase water splitting have been
demonstrated using MEAs at low temperautures8 and photoelectrochemical mate-
rial systems operated directly from air’. Performing water electrolysis from the
vapor phase exhibits several advantages: lower water splitting potential, lack of
bubble evolution at the catalysts surface, and simplified implementation of the
electrolyzer by direct humid air-based operationg’ """ On the down side, water
splitting from humid air poses significant transport challenges, as the low con-
centration of water can limit the water-splitting rates in the device.

The operation of vapor-fed electrolyzers requires all of the ionic current between
the reaction sites to be transported by a solid state ion conductor (i.e. proton or
hydroxide ion-conductor). This solid electrolyte needs to satisfy a series of con-
ditions: (i) the electrodes need to be in direct contact with the electrolyte; (ii)
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the electrolyte needs to have high water solubility as water is consumed in the
reaction; (iii) the diffusivity of dissolved Hs and O, gases through the electrolyte
needs to be high enough to allow for a product diffusive flux that equates the
production rate at the electrodes surface; (iv) the concentration of gases in the
electrolyte cannot reach saturation levels in order to avoid bubble nucleation
which would cause delamination of the electrolyte, and (v) the water from the
environment needs to diffuse with minimum resistance to avoid water depletion
at the surface of the electrodes. Nafion thin-films are suitable for this task as
they provide remarkable ionic conduction, fast water uptake, and good chemical
stabilityn"m. Based on Nafion’s transport properties, the polymer films covering
the electroactive sites must not be thicker than several micrometers to sustain
current densities in the electrolyzer in the order of several mA/cm® (1 mA/cm®
corresponds to 0.0187 mmol/hr-cm® of Hy at 100% faradaic efficiency)17'19’23.
Within this thickness range, the in-plane ionic resistance in the polymer can be
very significant. One way to mitigate the high resistance is to limit the path
length for ion migration between electrodes to short distances, in the order of
10-100’s pm. To mitigate these constraints based on Nafion’s transport proper-
ties, a proof-of-concept microfluidic water-splitting device was fabricated. Micro-
fluidic devices are an attractive platform because their architecture can be easily
tuned, their modularity allows for components to be easily exchanged, and the
transport characteristics in these devices are well defined. Several studies have
focused on the use of microfluidic platforms for fuel cell applications under lig-
uid-electrolyteSQO'B, and only recently a microfluidic device was described for
water electrolysis from highly acidic (1M sulphuric acid) electrolytes%. To the
best of our knowledge, this study presents the first report on microfluidic vapor-
fed electrolyzers.

6.2 Methodology

6.2.1 Device design

The device presented in this work consists of a set of parallel electrodes covered
with a thin layer of Nafion and a set of parallel channels that collect the prod-
uct gases generated above each of the electrodes. Figure 6.1(a) shows a schemat-
ic representation of the cross-section of this parallel channel device. In order to
maximize the areal coverage of the electrodes in the device, this architecture was
arranged in a double-spiral geometry, allowing maximum coverage of the elec-
trodes in the chip. The double spiral morphology also allowed for independent
fluid streams to be collected from the hydrogen and oxygen production channels
which prevented the back-diffusion of Hs into the oxidation side. Figure 6.1(b)
shows a photograph of the spiral channel structure where water streams with

dissolved dyes are flowed through separated streams. It is important to point
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out that this device architecture is fundamentally different from that of MEAs
used in PEM electrolyzers. In MEAs, nanostructured catalysts layers are sepa-
rated by a parallel ionomer membrane, typically > 100 pm thick. Under this
MEA arrangement, the ionic flux through the membrane is equal to the ionic
generation rate in the catalyst layer. In the microfluidic device proposed above,
the ionic current is carried through the cross section of an ionomer film of
thickness below 1 pm. In this configuration, the ionomer in the inter-electrode
region experiences an ionic current density that is more than 125 times higher
than that imposed at catalyst surface. This results in a high ionic resistance in
the device, and imposes the requirement for short ionic path lengths between
the electrodes to minimize the ohmic drop.

channels

m
: S5um 250V
Nafion 550 pm 2

Pt Electrodes

(b)

|

Figure 6.1. (a) Diagram of device geometry and (b) fluidic channels showing separated pathways

for Hy (blue) and O, (pink) evolution channels.

6.2.2 Model development

A steady-state laminar, isothermal 2D model of the microfluidic electrolyzer was
developed following modelling methods of proton exchange membrane electroly-
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sis previously established in the literature'™ *°

. The model implemented in this
study made use of a constant conductivity for the Nafion phase. Variations in
the water content throughout the polymer film would lead to a non-uniform
conductivity, which is not captured in the current model and can lead to differ-
ences between modelling results and experimental measurements”. A better
understanding of the internal polymer morphology and water uptake throughout
the polymer film could lead to more precise models that better describe the ex-
perimental System827. The model incorporated the transport phenomena between
the two electrodes, the polymeric electrolyte, and the two channels for reactants
delivery and product removal, as depicted in Figure 6.1(&)28. The ionomer was
considered as an ohmic conductor and as a diffusive media. The conservation of
charge and the species transport in the electrolyte were consequently given by
two Laplace equations, assuming spatial constant conductivity and diffusivity in
the electrolyte,

AV =0, (1)
Ac; = 0. (2)

The incoming flux of oxygen, water, and hydrogen from the channel to the elec-
trolyte in the direction normal to catalyst interface was given by,

Vc.oﬁ:Sh D? (C.—Cb), (3)

where Dlt.’ and D" were the diffusion coefficients of species 7 in the bulk of the
air-fed channels and the electrolyte, respectively. i was the inward ionomer sur-
face normal, e the height of the channel, and Sh the Sherwood number.

The current densities for the hydrogen evolution and oxygen evolution reactions
(ir.orr and g per) are modeled by using concentration-dependent Tafel approx-

. . 29
mmations™,

. . CH,0 o, F(®—P.~E/1,0)
IR,0ER = 10,0ER (—Cb ) exp ( RT , o (4)

H,O

. . A F(PAE oy, )
IRHER = TlOHERH*EXP | — (7 |; (5)

where a, and a. are the charge transfer coefficients at the anode and at the
cathode, respectively, and Eq s, 0 and Ey+y, the Nernst potential of the anodic
and cathodic reactions, respectively, with reference concentrations at 20°C and 1
atm. 4porr and %y uer are the exchange current densities for the oxygen evolu-
tion and hydrogen evolution reactions, F'is Faraday’s constant and T the oper-
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ating temperature. The activity of protons in the electrolyte was fixed by the
concentration of sulfonic groups, i.e. ag+ = 1. The boundary conditions at the
electrode/electrolyte interfaces are given by,

A i
VV ofl = — R,OER/HER7 (6)
(e}
~ _ IROER
Vem,o ¢ = 3pm— (7)
HyO
~ _ IROER
Veo, *ft = — o (8)
02
~ _ IRHER
VCH2 e = W (9)
2

The inlet saturation pressure of water vapor was calculated for a relative humid-
ity of one with the correlation from Buck®,

po(T) = 611.21(1 +3.46 x 1078 p) exp(zlz(')ng;)fT). (10)

where p is the total pressure. All other external boundaries are considered as
walls (no flux condition). The numerical values of the parameters are given in
Table 6.1. The exchange current densities, anodic charge transfer coefficient and
membrane conductivity were calculated to fit the experimental results.

Table 6.1- Numerical values of the model parameter used in the reference case.

Value

31-33 Dgzo =024 cm?s™!

Dgzo =72x10"%cm?s7!
Dgz =0.18cm?s™!

DY =58x1077 cm®s™!

Parameter

Diffusion coefficients of water

e - 26, 34, 35
Diffusion coefficients of oxygen

36, 37

Diffusion coefficients of hydrogen™

DEI =0.76 cm* s~}

2

D} =1.6x 107 cm? 57!
2

Oxygen concentration in the channels

c(b) =021x%xc"=8.61 molm™
2

Exchange current densities

. . _ —11 -2
iouer = lo.opr =3 X 107" Acm

Charge transfer coefficients™

a, =0.85; a, =1

Membrane conductivity

c=4x10"Scm™!

6.2.3 Device Fabrication

The devices were fabricated in the Center of Micronanotechnology at the Swiss
Institute of Technology in Lausanne (EPFL). Two separate chip components of
the microfluidic devices were fabricated: (1) one chip containing the electrodes
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and (2) one chip that contained the channel structures. The two chips were sub-
sequently bonded after aligning the channels with the electrodes.

For the electrode fabrication, a lift-off technique was implemented. A 200 nm
thermally grown SiO, wafer was used to photolithographically pattern the elec-
trode structure in AZ1512 on LOR photoresists (250 pm wide electrodes sepa-
rated by 25 pm, and with a total active length of 10.95 cm). Then, a Leybold
Optics LAB 600H e-beam evaporator system was used to deposit 200 nm of
Platinum (Pt) on top of a 20 nm Titanium (Ti) seeding layer, leading to flat
electrode surfaces. To characterize the roughness of the surface atomic force
microscopy measurements were carried using a Bruker Dimension FastScan Sys-
tem (Figure 6.2), which demonstrated a mean square root roughness of 2.2 nm
for the metal film. The metal deposition was followed by lift-off in Microposit
Remover 1165.

6.0 nm

0.0 2.0 um

Figure 6.2. Atomic force microscopy image of the surface of Platinum electrocatalyst. By analyz-
ing the obtained data, it was determined that the surface area of the catalyst was only 6.1% high-
er than its projected area. The root mean square roughness of the sample was determined to be
2.2 nm.

A different process was developed for the fabrication of a set of mixed Pt and
Iridium oxide (IrOy) electrodes. First, 200 nm of Pt and 20 nm of Ti were de-
posited by e-beam evaporation as described above. Then, the cathode structure
was photolithographically patterned with AZ1512 photoresists. Ion beam etching
(Veeco Nexus IBE350) was used to remove the metal films from areas outside
the desired cathode structure, and the remaining photoresist was stripped off
using oxygen plasma in a Tepla Gigabatch Plasma Stripper system. A second
photolithography step was used to protect with AZ1512 the cathode structure
prior to deposition of IrOx. A 100 nm film of IrO, was then deposited via reac-
tive sputtering, using an Alliance-Concept DP 650 sputtering system, on top of
a 150 nm film of chromium (Cr) which acted as a seeding layer and to increase
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the electrical conductivity through the anode. A third lithography step was per-
formed to pattern with AZ1512 the anode structure. Lastly, ion beam etching
was used to remove the IrO, and Cr films from the areas outside the desired
anode structure. The remaining photoresists was again stripped off using oxygen
plasma.

Microelectrode Fabrication:

Photolytography

,--Ti/Pt
Sputtering \ 4
Metal Deposition _>
Si/Sio, Si/SiO,
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Bonding Etching

Figure 6.3. Process flow diagram for microfabrication of vapor-fed electrolyzers

Photolytography

<—

After removing the excess photoresist with acetone, the chip containing the elec-
trodes was exposed to oxygen plasma for 5 minutes, and Nafion films were spin
casted from solutions (15% Nafion solution from ion-power) diluted in isopropa-
nol (Sigma-Aldrich). The film thicknesses obtained at different spin coating
speeds were characterized using a Filmetrics F20-UV spectroscopic reflectome-
ter. For the channel fabrication, a 20 pm layer of SU-8 was photolithographical-
ly patterned on top of a glass wafer (the channels followed exactly the pattern
of the electrodes). After the chip fabrication, both the wafers with electrodes
and channels were diced using a Disco DAD321 automatic dicing saw, gas inlet
and outlet ports were manually drilled in glass, the individual chips were aligned
under a microscope, and bonded at 200 °C (above the glass transition tempera-
tures of Nafion and SU-8). A process flow diagram for all the fabrication steps is
presented in Figure 6.3.
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6.2.4 FElectrochemical Characterization

All the electrochemical measurements were performed using a Biologic VSP-300
potentiostat /galvanostat system. Potentioelectrochemical impedance spectrome-
try (PEIS) measurements were performed at frequencies between 500 Hz to 3
MHz, and 20 mV amplitude. Impedance results were analysed following electro-
chemical equivalent circuit models described elsewhere to extract ohmic re-
sistances of the devices' *. Measurements for equilibrated devices were per-
formed by placing the electrode chips covered with Nafion films in a closed
chamber equilibrated with deionized water. The devices were allowed to equili-
brate for more than one hour, and measurements were performed when conduc-
tivity values reached steady state values. For flow experiments, a NewEra sy-
ringe pump was used to control flow rates, and gases were pulled from the out-
let while the device inlets were connected to air or nitrogen (Nj3) in a container
equilibrated with water at ~100% relative humidity (RH).

6.2.5 Gas Composition Characterization

Assembled devices were operated by flowing humid air streams saturated with
water through the channels at a flow rate of 3 mL/hr using a syringe pump for
each of the channels (Syringe pumps obtained from New Era). The experiments
were run for several hours and gases were collected using gas tight syringes. The
sample gases were injected directly into a Bruker 456-GC system with Ny as the
carrier gas to determine the concentration of Hs in each channel.

6.3 Results and Discussion

Throughout this study, several factors affecting the device performance were
assessed, and their effects are presented below. Factors related to transport
mechanisms included the effects of ionic, water and gas transport on device be-
haviour. Additional electrochemical factors such as the reaction kinetic limita-
tions and effects of parasitic oxygen reduction inherent of operation under ambi-
ent air were also considered. The findings presented below demonstrate the re-
quired balance between the multiple electrochemical and transport processes for
optimal air-based operation of water splitting devices.

6.3.1 Interplay between transport and electrochemical processes

One of the most crucial factors that define the device performance is the ability
to provide low transport resistance for both ionic and gas species through the
polymer film. In this sense, the thickness of the ionomer films is a crucial pa-
rameter and can define the device performance. Thicker films will result in lower
ohmic resistances but at the same time will pose larger transport limitations for
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gas and water diffusion between the electrodes and the flow streams. Modelling
results clearly demonstrate that lower ohmic drops are expected as the film
thickness increases (Figure 6.4 (a)). This implies that in devices with thicker
Nafion films a larger portion of the applied potential could be used to drive the
electrochemical reaction and consequently lead to higher production rates. On
the other hand, higher transport resistance for water in thicker films would re-
sult in kinetic limitations at the surface of the electrodes as the water concentra-
tion decreases. The trade-off between these two effects determines the device

current output (Figure 6.4 (b)).
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Figure 6.4. (a) Ohmic drop in the device as a function of membrane thickness and applied poten-
tial. The results show the expected decrease in ohmic losses in the device as the thickness of the
ionomer increases. The effect of polymer thickness and applied potential on the device current
output is presented in (b). As depicted by the result the maximum current levels are achieved for
a thickness range where the ohmic losses minimized.

The balance between the ohmic, mass transport, and reaction kinetics losses also
results in inhomogeneities in the current distribution across the electrodes. Re-
action kinetic and transport losses drive the system towards a uniform current
distribution, while ionic resistances between the electrodes would favour higher
current densities at the edges of the electrodes in order to minimize the ionic
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migration path 1engths23. As shown in Figure 6.5, the current density distribu-
tion is uniform at low applied potentials, while anisotropies arise as the poten-
tial increases, especially above 2 V. At low applied potentials, the device exhib-
its low current densities which then lead to a low potential drop from ohmic
resistance. As the applied potential increases, the current density in the device
reaches levels where the ohmic drop is comparable to the catalyst overpotential.
This in turn results in a non-uniform current density distribution, as higher lev-
els of currents are pushed towards electrode areas with the lowest ohmic re-
sistances, i.e. the electrode edges. These effects demonstrate the role of multiple
transport and chemical processes that are intrinsically present in these complex
devices, and the importance of balancing them in order to optimize the perfor-

mance.
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Figure 6.5. Current distribution across the electrodes separated by an ionomer layer. The ionomer
thickness corresponds to 1 um, and the anode and cathode center points correspond to electrode
positions of 0 and 275 um respectively. The nonuniformities observed in the current distribution
are caused by the trade-off between the ohmic resistance and reaction kinetic resistance.

As demonstrated from modelling, the proton conduction through the Nafion film
is a critical parameter that directly affects the device performance. Potentiostat-
ic electrochemical impedance spectroscopy (PEIS) measurements were per-
formed to characterize the ohmic resistance of devices with Nafion films of vari-
ous thicknesses (between 300-800 nm), and results are presented in Figure 6.6.
Within the device architecture used in this study, the derived resistances varied
from 140 to 200 ohms, while the contact resistances accounted only for 17+1
ohms for all the devices. The measured resistances in the devices are significant
but manageable and demonstrate that devices with thicker electrolyte layers will
perform better, as long as water and gas transport through the films does not
become limiting. Also, it is important to point out that the measured resistances
in these thin films were characterized for electrodes equilibrated in humid air
under passive conditions (i.e. no flow was applied). These conditions served as a
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benchmark for comparing devices with different ionomer thicknesses under a
controlled set of conditions. Moreover, these devices are expected to show the
highest level of performance when the ionomer is fully hydrated after equilibra-
tion with humid air. As current is passed through the device, the water concen-
tration in the film over the anode will decrease, and this will lower the conduc-
tivity of the material, and increase the ohmic drop in the device.
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Figure 6.6. Device ohmic resistance decreasing as a function of ionomer thickness. The error bars
denote standard deviation in the resistance measurements via potentiostatic electrochemical im-
pedance.
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Figure 6.7. I-V characteristics of devices fabricated with different electrolyte thicknesses, showing
performance improvements with thickness as a result of the lower ionic resistance in the device.

To better understand the overall performance of the devices, the I-V character-
istics of the electrodes covered with Nafion were determined after equilibration
with 100% RH air (Figure 6.7). The traces corresponding to different Nafion
thicknesses show a typical behaviour for water electrolysis with Pt electrodes.
The region below 2 V where the device exhibits low current levels (below 0.25

mA) is likely to be dominated by kinetic losses in the electrode surface, which
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arise from catalyst overpotentials. In this region the ohmic drop associated with
ionic transport in the electrolyte is expected to be small (<50 mV to 120 mV for
films of 703 and 133 nm respectively), which is why the current levels are not
affected significantly by the film thickness. As the applied potential and current
increases, the potential requirement for ion transport also increases and starts to
become significant. In this regime the film thickness starts to become an im-
portant parameter that affects the device performance, and increasing the thick-
ness of the electrolyte allows the device to operate at higher current levels for a
given potential.

6.3.2 Transient device behaviour

The electrochemical characterization presented above provides insights into crit-
ical design parameters of the microfluidic electrolyzers. Clearly, the devices pre-
sented here benefit from the use of thicker Nafion films which provide lower
ionic resistances. Within the range of thicknesses investigated here, significant
limitations to the diffusive transport of gases through the electrolyte film are
not expected. If devices were to be operated at significantly higher current den-
sities, the concentration of product gases in the electrode/electrolyte interface
could reach levels above the gas solubility limit, nucleating bubbles and causing
the electrolyte film to delaminate'” ', Moreover, the characterization described
above corresponds to systems that have been equilibrated with humid air and
the current levels achieved do not directly correlate to the ones for devices un-
der continuous operation. As current is passed through the electrodes, local con-
centration gradients of water and gases in the Nafion film will evolve. In the
case of the gases generated, the concentration build-up near the electrodes will
result in additional overpotentials that need to be overcome. More importantly,
the consumption of water inside the ionomer results in two adverse effects for
the performance: (i) the decreased water concentration in the Nafion films will
lower its conductivity and so increase the device ohmic resistance and (ii) the
lower water concentration at the electrode interface will result in lower reaction
rates at the catalyst. The second effect can be quite severe as the water splitting
rate can be limited by the water diffusive flux into the electrodes. Figure 6.8
demonstrates the performance drop of devices operated at a constant 3 V ap-
plied potential. It can be clearly seen that within the first 5 minutes of opera-
tion, the current density in the devices drops sharply and it reaches lower
steady values over time. Moreover, if the flowrates of feed gas are increased, the
steady state current levels also increase. These flowrate effects are consistent
with the transport limitations described above, as higher flowrates will increase
the convective transport at the polymer/air interface and the water flux into the
electrodes will increase. In the same way, the increase in convection will result
in a faster flux of gases from the polymer films into the gas streams which in
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turn will reduce the concentration overpotential at the electrodes. To under-
stand the impact of the water content decrease in the Nafion film, PEIS meas-
urements were performed after the device had achieved steady state (Figure 6.9)
operation and the resistances in the devices were found to increase from ~200
ohms to at least 800 ohms in the case of flowrates of 15 mL/hr and above 6,000
ohms for the lowest flowrates of 0.5 mL/hr. These resistance levels will result in
large ohmic drops in the device, >800 mV for devices operated at 1 mA with a
feed flowrate of 15 mL/h.
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Figure 6.8. Current traces for a device with a 700 nm Nafion film operated at 3 V with different
feed flowrates. The initial decay in performance suggests that transport limitations arise as the
devices initially consumes water absorbed in the ionomer, and reaches different current levels at
steady state. As the flowrate increases, these transport limitations ease, allowing the device to
reach higher current densities.
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Figure 6.9. PEIS measurements on devices under different feed flowrates after 15 min of device
operation at 3 V. The impeadance spectra demonstrates an increase film resistance as the flowrate
was reduced in the devices.

Although the initial performance of the devices decreases with time due to the

transient effects described above, their performance at steady state is stable over
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several hours. Figure 6.10 demonstrates the stable steady state behaviour of a
device operated at 3 V with a total air flowrate of 3 mL/hr per channel. Moreo-
ver, the device used to perform the measurements presented below has been
used for over a month with varying operating conditions and does not show
signs of performance degradation. Both the electrode materials (Pt) and the
ionomer (Nafion) show remarkable electrochemical stability, as is the case for
this material in MEA’s used in fuel cells and electrolyzers. This suggests that
the devices described herein can be potentially operated over long periods of
times.
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Figure 6.10. Long term behaviour of a device with a 700 nm Nafion film operated at steady state
with an applied potential of 3 V across electrodes shows stable device operation over the course of
several hours.

6.3.3 Gas transport across channels

Electrolysis devices need to limit the hydrogen crossover from the reduction to
the oxidation channels in order to avoid product losses, especially by product
recombination at the surface of the anode. It must be noted that downstream
separation of the hydrogen gas is still required as its concentration in the prod-
uct stream is expected to be low if the device is operated directly under humid
air. Coupled mass transport and electrochemical models were developed to as-
sess the degree of gas crossover through the Nafion film. Additionally, gas
chromatography measurements were used to determine the extent of hydrogen
back diffusion. In the devices described above, diffusion of Hy across channels
can happen through the Nafion thin-film that ionically connects the two elec-
trodes. As the thickness of the films used lies below 1 pm, the Hs crossover
through the Nafion films is expected to be low. Modelling results demonstrate
that the concentration of Hs reaching the oxidation side corresponded to less
than 1% of that produced in devices with Nafion thicknesses below 1 pm
(Figure 6.11). These results suggest that the thickness of the film can be opti-
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mized without affecting the gas crossover in the device. Experimental results of
the device modelled here demonstrated low levels of crossover, as 97% of the H,
in the system was collected in the reduction side, and 3% of it was collected in
the oxygen side (Figure 6.12 presents the GC results). Cross-contamination at
the inlet and outlets of the demonstration device, imperfections in the bonding
between Nafion and the channel walls, as well as non-zero diffusion of Hj
through the SU-8 walls could result in the higher measured Hj crossover when
compared to the model estimations. It is important to point out that crossover
of oxygen from the oxidation to the reduction channels can have similar detri-
mental effects due to recombination losses in the cathode. In the case of the
devices presented in this study, the crossover of oxygen is expected to be lower

than that measured for H, as its permeability in Nafion is lower™” !,
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Figure 6.11. Hydrogen crossover flow between the cathode and the anode as a fraction of the
hydrogen production rate at the cathode. The results show that the gas crossover across electrodes
is expected to be low, in the order of 10° of the produced hydrogen.
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Figure 6.12. Gas chromathography traces for Hy collected in the oxidation and reduction channel,
showing small amounts of Hy crossover between channels.
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Figure 6.13. Electrochemical behaviour of a device operated with a feed flowrate of 15 mL/hr of
air (solid line) or nitrogen (dashed line). The results demonstrate higher current densities in the
presence of oxygen due to parasitic recombination reactions in the cathode. The current density
values for the nitrogen-fed system compare well with modelling results, presented as the red dots
in the graph.

It is important to point out that this study focused on the operation of devices
with humid air, and the presence of Os in the feed can have several drawbacks
in the performance of devices. When electrolysis devices are operated in the
presence of air, the oxygen reduction reaction can compete with the hydrogen
evolution reaction in the cathode, and the measured current output arises from
both reactions. To assess the extent of this effect, current-voltage characteristics
were measured for devices operated under humid air and humid Ny (100% RH)
as depicted in Figure 6.13. It can be noted that higher current densities are ob-
tained when air (up to 19% higher at 3V) is present in the fed-stream. Similar
effects have been reported elsewhere for the case of air-operated MEAs.® Fur-
thermore, the presence of oxygen in the Hy stream can result in recombination
losses, and a more complex downstream separation of the gases will be required
to obtain pure H, fuel. The electrochemical model presented earlier follows the
behaviour of the nitrogen fed device, further confirming the presence of addi-
tional parasitic reactions occurring in the electrodes when oxygen is present.
Under humid Ny, these parasitic electrode reactions are not present and the far-
adaic efficiency of the devices is expected to approach 100%. Given these condi-
tions, the energy conversion efficiency at different current density levels can be
estimated. The energy conversion efficiency (n) for the device operated under
humid Ny, assuming a 100% faradaic efficiency is calculated as’,
_ E?izo,uap

EUPP

89



Vapor-fed microfluidic hydrogen generator Chapter 6

Where E,,, is the applied potential and E?izo,vap is the thermodynamic water

splitting potential of water vapor Figure 6.14 presents a trace of the current
density in the device as a function of efficiency, demonstrating that the device

can operate at current densities above 2.5 mA/ cm” with efficiencies higher than

50%.

10

o2

[e2]

Current Density [mA/cmZ]

8.4 0.6 0.8 1
Energy Conversion Efficiency

Figure 6.14. Current density versus energy conversion efficiency for a microelectrolyzer device
consisting of a pair of Platinum electrodes and operated under humid N2 streams at 100%RH.

6.3.4 Improving the reaction kinetics at the electrodes

The previous subsections discussed the interplay of multiple transport processes
that play important roles in the performance of vapor operated electrolyzers,
and highlighted directions for improvements in the device current outputs.
While the devices described above used Pt as an electrocatalyst for both the
oxygen and hydrogen evolution reactions, further gains can be attained by im-
plementing catalysts with lower overpotentials. To demonstrate the performance
improvements from the incorporation of catalysts with higher activity, a set of
electrodes were fabricated with IrOy as water oxidation catalyst and Pt for the
proton reduction reaction. This catalyst combination is widely used in PEM
electrolyzers as it allows MEAs to operate at lower potentials and with im-
proved stabilityﬁ. As demonstrated in Figure 6.15, significantly lower overpoten-
tials can be achieved when IrOy is used in the anodic reaction. Average current
densities above 5 mA/ cm” are observed at 2 V of applied potentials; compared
to less than 2 mA/ cm” in systems that used Pt for the oxygen evolution reac-
tion. The recorded improvement is significant, and demonstrates that the incor-

poration of better catalysts leads to more efficient device operation.
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Figure 6.15. I-V characteristics of a set of Pt and IrOy electrodes covered with a 700 nm film of
Nafion. The use of IrOx in the anodic reaction leads to a decrease in overpotential in the device.

6.4 Conclusions

The platform developed in this study demonstrates for the first time a room-
temperature water-vapor microfluidic electrolyzer. This system allowed for a
thorough electrochemical characterization of device architectures, and to gain
insights on the effects of various design parameters on the performance of water-
vapor electrolyzers. The findings of our study demonstrate the interplay of the
multiple transport processes required for optimal device behaviour. In particu-
lar, ion-transport resistance in these devices can dominate their electrochemical
behaviour; the measured resistance levels (>200 ohms) can account for a large
portion of the overpotential required for the water splitting reaction (>200 mV
at 1 mA current outputs). Moreover, under steady state operating conditions,
ionic resistance in the device can increase significantly (by more than 400%) due
to water consumption at the anode and concentration overpotentials may arise
from the evolution of product gases near the electrodes. These effects can be
partially mitigated by increasing convection at the gas/electrolyte interface and
in this way increase the convective mass transfer, improving the efficiency of the
device. It must be noted, that although Nafion films have desirable properties
such as high proton conduction and electrochemical stability, its gas permeabil-
ity is fairly low. This property is desirable for membranes in classic fuel cell and
electrolyzer designs where gas crossover can affect the performance of devices,
but for the vapor-fed water splitting devices described here, higher gas permea-
bility and water uptake could ease the transport limitations. Also, contrary to
catalyst layers in MEAs, this study implemented planar electrodes with active
catalyst areas limited to the projected areas of the electrodes. Further studies
should focus on nanostructuring the surface of electrocatalysts in order to signif-
icantly increase the device current output. The insights and design rules pre-
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sented in this study can pave the way for the development of high current den-

9, 17, 18, 42

sity electrolysis or solar-hydrogen reactors that operate directly with

ambient air.
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Chapter 7
Membrane-less electrolyzer for hydrogen
production across the pH scale

he development of deployable water-splitting devices is hindered by the lack

of stable ion conducting membranes that can operate across the pH scale,
impose low ionic resistances and avoid product mixing. The membrane-less ap-
proach developed in this work breaks this paradigm and demonstrates for the
first time an electrolyzer capable of operating with lower ionic resistance than
benchmark membrane-based electrolyzers using wvirtually any electrolyte. Our
method separates product gases by controlling the delicate balance between fluid
mechanic forces in the device. The devices presented here are able to split water
at current densities over 300 mA.cm'g, with more than 42% power conversion
efficiency, and crossover of hydrogen gas into the oxidation side as low as 0.4%,
leading to a non-flammable and continuous hydrogen fuel stream. Furthermore,
being able to use buffered electrolytes allows for the incorporation of earth-
abundant catalysts that can only operate at moderate to high pH.
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7.1 Introduction

Hydrogen gas is a clean alternative fuel which has the potential to redefine our
fossil-fuel based infrastructure if its production cost reached levels competitive
with conventional energy resources. As the only emission from hydrogen-based
energy production is water, the adoption of this fuel can alleviate many envi-
ronmental concerns. Furthermore, the use of hydrogen as a vehicle for energy
storage can enable the large-scale deployment of renewable energy sources such
as solar and wind which suffer from their intermittent availability. Currently,
most of the hydrogen produced in the world comes from steam reforming of
natural gasl7 a process that intrinsically releases at least 1 molecule of CO; for
every 3 molecules of Hy produced. A truly clean alternative is to use renewable
energy sources, to drive water electrolysis systems and store the excess energy as
Hy fuel. State-of-the-art electrolysis systems are based on membrane electrode

®

membranes that separate the hydrogen and oxygen evolution sites”™. Although

assemblies (MEAs) that take advantage of low ionic resistance through Nafion

membranes allow for production of nearly-pure gas streams and the operation of
electrolyzers at high current densities, the strongly acidic nature of Nafion re-
quires the incorporation of acid-stable catalysts that are based on noble metals,
i.e. Pt and Ir’. The lack of stable and high-performing membranes that operate
under basic and near-neutral conditions has precluded the incorporation of prac-
tical earth-abundant water splitting catalysts or photocatalytic materials into
deployable devicesG'M, as they have limited stability under acidic electrolytes.
Research on anion-conducting membranes have led to promising alternatives for

15-21

operation at high pH ™", but their implementation in electrochemical devices

lags behind Nafion. Even more complex issues arise for devices operated under

.. 92 93
near-neutral conditions

, where stable operation is possible only by the im-
plementation of controlled convective flows together with ion-conduction by a
supporting electrolyteM. Membrane-less electrolysis can allow for the operation
of devices at any pH, reduce the complexity by the elimination of separation
membranes and decrease the ionic resistance thanks to the higher ion-mobility
in liquid electrolyte825. Membrane-less designs have been previously used in oth-
er electrochemical devices such as fuel cells”™ and batteries™ *. However, there
is a fundamental difference in water electrolysis where gaseous products (hydro-
gen and oxygen) evolve out of the liquid electrolyte. The consequent bubble
formation at the electrodes is problematic as it enhances product mixing and
slows down the reaction. This is a significant challenge that has precluded
demonstrations of efficient membrane-less electrolyzers in the past. To mitigate
gas crossover in a membrane-less scheme, fluid dynamic approaches can be im-
plemented in order to control the position and trajectory of gas bubbles as they
evolve from electrodes (Figure 7.1).
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Figure 7.1. Schematic diagram of the membrane-less electrolysis: two parallel plates are coated
with hydrogen and oxygen evolution catalysts, respectively and are separated by less than few
hundreds of micrometers. The electrolyte flows between the catalyst plates and the evolved gases
move close to the corresponding catalyst surface due to the Segré-Silberberg effect. Each of the
product gas streams is collected in dedicated outlets. Stacks of these planes in horizontal can be
used for higher throughput.

. Electrodes D Oxygen bubbles
- Electrolyte [l] Hydrogen bubbles

Figure 7.2. Schematic of the proof-of-concept electrolyzer design: hydrogen gas evolves at the
cathode (negative electrode) and oxygen gas at the anode (positive electrode). The two gas
streams do not experience any convective mixing because of the lift forces that push them towards
the neighboring walls. The only mixing mechanism is diffusion of dissolved gases which is minimal
at high flow rates. The inset corresponds to photographs of the fabricated device. Fluidic ports
and electrical connections can be seen in the left, the electrodes and the T-junction in the right.
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36-40
have

Previous studies on internal laminar flow of solid particles’ suspensions
demonstrated that the particles line up at an off-center position which is veloci-
ty dependent, a phenomenon known as the Segré-Silberberg effect’. This effect
is observed because the fluidic velocity gradient across the particles’ body exerts
a net inertial lift force on them towards the wall, which is counteracted by a
force generated by the high pressure field that forms between the particles and
the channel wall. The balance of these two forces determines the equilibrium
position of the particles in the channel, which controls its trajectory. This phe-
nomenon attracted enormous attention in the microfluidics community where
precise control of the particles in microchannels is desirable. This effect com-
bined with geometrically induced forces can be directly implemented in applica-
tions that require particle separation, focusing, sorting, or filtering42'44. Non-
rigid entities such as bubbles and droplets, experience an additional lift force
due to deformability which directs them away from the wall”®. This additional
force causes the bubble’s equilibrium position to be farther from the wall than
for rigid spheres, and can only be overcome by increasing the flow rates in order
to keep the bubbles away from the center of the channel.

In order to avoid gas crossover in the membrane-less electrolyzer developed
here, we make use of the Segré-Silberberg effect on bubbles in the laminar flow
regime. A T-junction is used to separate the gas streams at the downstream of a
microchannel, after Hy and O, gases are generated at electrodes placed in close
proximity to the side walls. A schematic representation of the device is shown in
Figure 7.2, with pictures of the fabricated device in the inset. In order to ensure
a small ohmic potential drop, the inter-electrode distance in the device is kept
low, at 105 pm. It is worth noting that this is the only dimension that needs to
remain small in order to ensure a laminar flow that provides a steep velocity
gradient for the Segré-Silberberg effect to take place. While satisfying this con-
straint, the electrode dimensions can be freely increased by several orders of
magnitudes depending on the available technology, device design and desired
application. This dimensionality constraint is equivalent to that in current state
of the art electrolyzers which require a very thin MEA to provide low ionic re-
sistivity between the oxygen and hydrogen evolving catalysts, while still allow-
ing a large electrode area in the plane normal to the ion migration pathway. It
must be noted that although this study found practical to use a microfluidic
platform to explore the potential of the Segré-Silberberg effect on high-
performing electrochemical water splitting devices, the principle proposed here
can be scaled to devices where large-area parallel plate electrodes are imple-
mented in order to reach high operating currents, as illustrated in Figure 7.1. In
this configuration, the large-area side walls of narrow channels can be coated
with appropriate catalysts to achieve higher throughput.
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Figure 7.3. Fabrication procedure of the electrolyzer
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7.2 Device fabrication

Electrodes are patterned on a Borofloat glass wafer. First, a 10 nm film of tita-
nium is sputtered on top of the wafer to promote adhesion of 175 nm thick plat-
inum or 150 nm thick nickel-iron top layer (81% Ni, 19% Fe). The shape of elec-
trodes is patterned on top of platinum/Ni-Fe layer by photolithography and Ion
Beam Etching (IBE) is used to etch the non-covered areas. Each electrode is 70
pm wide and 1 cm long with and edge to edge distance of 105 pm. The micro-
channels are etched in a photolithographically patterned silicon wafer using
Deep Reactive Ion Etching (DRIE) technique. The wafer is rendered non-
conductive by growing a 100 nm thick oxide layer using Low Pressure Chemical
Vapor Deposition (LPCVD) before photolithography step. The depth as meas-
ured by a mechanical profilemeter is 61 pm and the width of the main channel
is 275 pm. The width of each branch in the T-junction is 100 pm. Fluidic and
electric access holes are devised by a diamond scriber after this step. Four set of
electrodes and fluidic networks are patterned on each wafer. After plasma clean-
ing, the two wafers are aligned together in a Back Side Aligner (BSA) tool and
bonded using standard anodic bonding technique. Distance between electrode’s
edge to the microchannel side wall is 15 pm. Finally, the four devices on the
bonded platform are separated using a dicing machine. Small Polydimethylsilox-
ane (PDMS) pieces are plasma bonded on top of fluidic ports to provide a flexi-
ble bed for connections. Short wires are soldered to the electrodes ends in order
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to facilitate electrical connections to the potentiostat. The fabrication process
flow is shown in Figure 7.3.

Objective \

B

Gas tubes

H; storage

02 storage

i @
Potentiostat proBe 4

\-
T———

Figure 7.4. Experimental setup for electrochemical characterization and gas analysis

7.3 Experimental setup and measurements

The chip is mounted on a motorized stage and the electrolyte is provided into
the chip using a syringe pump. Two tubes carry gas and electrolyte mixtures
from the outlets into inverted glass tubes filled with water. The gases go up in
the tubes and get trapped beneath their closed end. For volumetric measure-
ment of the produced gases, the glass tubes are replaced by inverted 10 ml glass
burettes with 20 pL. graduation scale. To measure the crossover, 500 pA of cur-
rent is provided to the electrodes using a potentiostat (BioLogic) for 90 minutes
and then the collected gas in each tube is mixed with 10 mL of air and collected
in gas tight syringes. The gases are then injected into a gas chromatographer
(Bruker) for analysis. By definition, the gas crossover is the relative amount of
O, in Hy tube to the total amount of gas in Hs tube. However, for practical rea-
sons, the amount reported in this chapter is the relative amount of Hy in Oy
tube to the total amount of Hs in both tubes. Due to higher relative pressure of
H, and its higher diffusion coefficient, this quantity is always larger than the
classic definition and, therefore, it is a conservative measurement. A simple re-
flection microscope is set up next to the motorized stage which enables imaging
of the chip’s inside. All other electrochemical measurements are done in the
same setup and the same potentiostat. Impedance spectroscopy is done in the
frequency range of 10 kHz to 3 MHz. Scan rate and range for voltammetry
measurements are 10 mV/s and 0 to 2.6 V, respectively. Figure 7.4 shows the
experimental setup.
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7.4 Results and discussions

The separation mechanism described above can be visually assessed by tracking
the bubbles behavior inside the device. Snapshots of the T-junction are present-
ed in Figure 7.5 for devices operating at different flow rates. As the flow rate
increases, the size of the bubbles becomes smaller due to the larger drag force at
the liquid-gas interface, while the increased inertial lift force keeps the oxygen
and hydrogen bubble streams apart. These flow rate effects also fundamentally
change the product mixing mechanism in the device. At low flow rates, convec-
tive mixing of bubbles migrating towards the center of the channel dominate the
product crossover, while for high flow rates the diffusion of dissolved gases
across the electrodes become dominant. This illustrates the important role of
inertial lift force in the separation of the two gas streams at high velocities.

Vi

Figure 7.5. Images of the T-junction while the device is working at 143 mA.cm? and different flow
rates. The two parallel bands are the cathode and the anode, each lying next to a side wall. a: At
flow rates of 1 ml/h, the fluidic drag force is so small that the bubbles from the two electrodes
grow, coalesce and move out of the device through the two outlets in a mixed form. b: At 4 ml/h,
the size of the bubbles is reduced and some of them do not coalesce, although the flow speed is
not enough for inertial migration to happen and keep the streams separated. c: At 10 ml/h, gas
bubbles are not present in the center of the main channel and each gas stream flows into dedicat-
ed outlets. The inertial lift force is sufficient in this case to keep the bubbles close to the side
walls.

Table 7.1. Measured pH values of various electrolytes utilized in the electrolyzer

Electrolvt 0.5 M 1M 1.5 M 2 M 1M 1M
ectro [
Y HQSO4 HQSO4 HQSO4 HQSO4 KzCOg Na3PO4 Buffer
pH 1.1 1 0.8 0.6 8.9 6.6
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Figure 7.6. Electrochemical characterization of the microdevice. a: Current density as a function of
operational voltage for 1 M sulfuric acid at different flow rates. b: J-V characteristics in 1 M
Phosphate buffer and Potassium Carbonate with two different catalysts. The current density is
smaller than that for acid electrolytes as platinum operates at higher efficiencies at low pH. Also,
the results reveal that Ni-Fe outperforms Pt at high pH values. c¢: The cell voltage remains con-
stant for more than 1.5 hours of operation in 1 M sulfuric acid, Phosphate buffer, and Potassium
Carbonate for both Pt and Ni-Fe as catalyst. d: Ohmic resistance for different electrolytes ob-
tained from impedance spectroscopy. Calculations show that the ohmic resistance in the device is
mostly due to contact resistance (Section 7.5).

The membrane-less device demonstrated here shows stable operation at high
current densities over the broad range of pH reported in Table 7.1. The electro-
chemical performance, as investigated by the device current-voltage characteris-
tics, shows over 300 mA/ cm’ current density with an operating cell voltage of
2.6 V and 14 ml/h flow rate of 1 M sulfuric acid over platinum electrodes. This
value can be further improved by integration of a better oxygen evolving cata-
lyst such as iridium oxide and also nanostructuring of the flat electrodes. As
presented in Figure 7.6 a, the effect of the flow rate on the current density is
minimal in the range between 8 to 14 ml/h, since the fluidic drag force is high
enough to detach bubbles while they are small, therefore, minimizing the mass
transport limitations due to bubbles attached to the electrodes’ surface. Addi-
tionally, the electrolyzer’s behavior in basic and neutral pH electrolytes are
shown in Figure 7.6 b for a flow rate of 12 ml/h. Operating under non-acidic
electrolytes is attractive because it opens the possibility to incorporate earth
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abundant catalysts. To this end, the performance of an electrolyzer with Nickel-
Iron (81% Ni, 19% Fe) catalysts was also investigated and reported in Fi-
gure 7.6 b. Furthermore, the device works stably over the course of hours with
different electrolytes and catalysts, as shown in Figure 7.6 ¢ and Figure 7.7.
This stable performance is even observed in a Phosphate buffer with pH of 6.6
after an initial equilibrium period of less than few minutes when ionic gradients
at the surface of electrodes are expected to be formed. Lastly, it can be inferred
from the potentiostatic electrochemical impedance spectroscopy (PEIS)
measurments summarized in Figure 7.6 d that the losses in the system are most-
ly due to reaction kinetics, since ohmic losses stay well below 140 mV, with less
than 22 mV arising from solution’s ionic resistance at current densities up to
304 mA.cm™”. A plot of the PEIS measurements corresponding to one of the ex-
periments is presented in Figure 7.8.

70 T T T T T T T T T

Current Density [mA/cm %]
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Figure 7.7. Potentiostatic measurement shows stable operation of the device over time with NiFe
catalyst and 1M KyCOgj as electrolyte. Due to exponential dependence of current density on po-
tential, this measurement highlights minor changes in the catalyst activity.
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Figure 7.8. Nyquist plot of Electrochemical Impedance Spectroscopy (EIS) measurement for 1 M
acidic electrolyte and flow rate of 12 ml/h.

0 at 25

°C, whereas this parameter for Nafion measured in 1 M sulfuric acid at 25 °C is
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reported to fall in the range between 0.08 to 0.16 S/ cm’". This difference shows
that the membrane-less device would outperform in efficiency a Nafion-based
analogue while still suppressing the gas crossover.

The biggest challenge with a membrane-less design is to avoid product mixing
which lowers device’s efficiency, product’s purity and results into a potentially
unsafe operation48. Figure 7.9 a shows gas crossover measurements after running
the device at 71.5 mA.cm™ with 1 M sulfuric acid for 90 minutes. The data are
extracted from a series of chromatograms like the one in Figure 7.10. The green
line shows the maximum allowable crossover to produce non-flammable gas
streams, and at flow rates above 12 ml/h the cross contamination is well below
this 4% cross contamination threshold. Additionally, volumetric measurements
indicate collection efficiencies of up to 91% of Hs and 93% of O, at the outlets of
the device. The high collection efficiencies demonstrate minimal losses of the
gases due to dissolution in the electrolyte and imperfections in the collection
ports. This also indicates that if the electrolyte were to be recycled, the faradaic
efficiency would only drop a few percentage points as a consequence of the re-
combination of the dissolved gases at the electrodes. At 12 ml/h and 71.5
mA.cm, the ratio between convective flow of H, along the channel to its diffu-
sive flow across the channel, predicted by the Peclet number, is higher than 4.7
x 10%. In addition, the ratio between the Hs generation rate and the diffusive
flow across the channel is 1.3 x 10°. These values show that the H, diffusion rate
across the electrodes is negligible compared to generation and convective
transport rate, indicating that the device is functioning in an appropriate set of
operation parameters for purified fuel production, i.e. velocity and current densi-
ty. The fact that the measured gas crossover is higher than these predicted val-
ues suggests that gas mixing in the devices predominantly happens through per-
turbations that cause convective transport of bubbles across the channel. These
perturbations also lead to instabilities in the device electrochemical performance,
especially at lower flow rates as observed in Figure 7.9 b. When devices operate
at low flow rates, bubbles fill the inter-electrode space, increasing the ionic re-
sistance in the device and resulting in fluctuations in the applied potential re-
quired to maintain a constant current density. At higher flow rates, the migra-
tion of bubbles across the channels is reduced and the ionic resistance between
the two electrodes remains constant, resulting in stable operation. It should be
noted that requiring high flow rates for gas separation increases the energy re-
quired for pumping the fluids. However, the pumping power requirement is es-
timated to be only 5% of the generated power when the device is operated at
71.5 mA.cm™ and 12 ml/h (Section 7.5). These low levels of pumping power can
be further reduced by optimizing the channel dimensions in the device.
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Figure 7.9. a: Gas crossover as a function of flow rate at 71.5 mA/ cm”. As the flow rate increases
the mixing mechanism changes from convection of bubbles to diffusion of dissolved gases. Larger
drag force reduces the size of bubbles while the inertial lift force keeps the two bubble streams
apart at the same time. b: At low flow rates, the cell voltage fluctuates in order to keep the cur-
rent density constant. This is due to the changing ionic resistance as the gases displace the elec-
trolyte in the center of the channel.
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Figure 7.10. Chromatogram of the stored gases for 10 ml/h flow rate and 71.5 mA/ cm?

7.5 Calculations

For calculation of solution resistance, the following formula is utilized:
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L

R=—
KA

Where k is the specific conductivity of 1 M sulfuric acid at 25 °C, L is the dis-
tance between furthest edges of the electrodes (245 pm) and A is the area where
ionic transport happens (61 pm by 1 cm).

The pressure drop can be found for a rectangular channel with aspect ratio —
width to height — less than one and Reynolds number less than 1000 within
0.26% accuracy using the following formula:

Ap=0R

aul
W H3
a dimensionless parameter depending on the width (W) to height (H) ratio of

the channel®”, W/H:

Where Q is the volumetric flow rate and R = is the fluidic resistance. a is

-1
a=12 [1 _192H on (”W)]

3 2H

In the fabricated electrolyzer, aspect ratio is 0.22 and Reynolds number is 19.8
for 12 ml/h flow rate. Therefore, the pressure drop equals 7.4 kPa at this flow
rate assuming viscosity and density for water at 20 °C i.e. 1 mPa.s and 1000
kg/ m®. It is worth noting that this value is for single phase flow and may differ
slightly from the pressure drop for bubbly flow. Assuming a pump efficiency of
75%, the input power, P, delivered to the pump will be 0.033 mW. In other
words, pumping power is 2.5 or 5% of the produced hydrogen power if the de-
vice runs at 143 or 71.5 mA/cm2, respectively. The overall efficiency, #n, at 12
ml/h is:

1.23V I - P,

VellI

C

]’I:

Where [ is the electric current passing through the device and V,,; is the opera-
tional cell voltage. For instance, the efficiency is 51% for 71.5 mA/ cm” of cur-
rent and 12 ml/h of flow rate.

Peclet number:

Pe = UL

D
Where U is the average fluidic velocity, L is the characteristic length over which
the diffusion occurs, and D is diffusion coefficient for Hydrogen. This number is

the lowest possible ratio of convective to diffusive transport in the device since
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most of the gases are carried away in the gas phase and not in the dissolved
form.

Ratio between Hjy generation rate to diffusive transport across the channel:

1
Jen  ZF LI
Jdlff I)IJC LCHC ZFDCLCHC

Where [ is the current, z is the valency number of ions, F is the Faraday con-
stant, L, and H, are the length and height of the channel, respectively.

For comparison with the volumetric gas measurements, ideal gas law is used to
calculate the volume of the gases produced, assuming all of the current is spent
on generating gaseous products, i.e. Hy and Os. With 0.5 mA current, the rate
of hydrogen gas generation should be 2.59 nM/s or 18.65 pmol in two hours run
of volumetric measurement. Using this value together with the standard condi-
tions of 101.325 kPa and 293.15 K into ideal gas equation of state, PV = nRT,
leads to a volume of 449 pL for Hydrogen gas. Ideally, the volume of Oxygen
should be 224.5 pl.. The experimental values obtained here show up to 410 pL
of Hy and 210 pL of Oy with reading resolution of 10 pL. These amounts show
collection efficiencies above 90%.

7.6 Conclusions

The membrane-less electrolyzer demonstrated here has the ability to produce
non-flammable hydrogen streams, continuously and stably across the pH scale.
Comparing the device ohmic resistance with that for Nafion-based devices, it is
clear that this device has the potential to surpass the performance of similar
water splitting apparatus that rely on ion conductive membranes for separation.
Although a single electrode pair, such as the one in this proof of concept study,
can only produce a limited amount of fuel, scaling it out can be achieved on
multi-stack panels for enhanced throughput50 or the implementation of large
area electrodes. As the only dimension to be kept small is the inter-electrode
distance, follow up studies are underway to develop high throughput devices
where high surface area planar electrodes are used as the side walls of narrow
electrolyte channels. Additionally, it is worth noting that this electrolyzer plat-
form may be used in reverse as a fuel cell with two streams of the electrolyte,
each saturated with Hy or O,, allowing for the production of electricity51. The
design simplicity of this membrane-less electrolyzer can facilitate mass produc-
tion, especially by employing high resolution 3D printers or injection moulding
techniques.

109



Membrane-less electrolyzer for hydrogen production across the pH scale Chapter 7

Bibliography

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

R. M. Navarro, M. A. Pena and J. L. G. Fierro, Chem Rev, 2007, 107,
3952-3991.

M. K. Debe, Nature, 2012, 486, 43-51.

K. E. Ayers, E. B. Anderson, C. Capuano, B. Carter, L. Dalton, G.
Hanlon, J. Manco and M. Niedzwiecki, ECS Transactions, 2010, 33, 3-
15.

S. Holdcroft, Chemistry of Materials, 2013.

C. C. L. McCrory, S. Jung, J. C. Peters and T. F. Jaramillo, Journal of
the American Chemical Society, 2013, 135, 16977-16987.

D. G. Nocera, Accounts of Chemical Research, 2012, 45, 767-776.

T. A. Faunce, W. Lubitz, A. W. Rutherford, D. MacFarlane, G. F.
Moore, P. Yang, D. G. Nocera, T. A. Moore, D. H. Gregory, S.
Fukuzumi, K. B. Yoon, F. A. Armstrong, M. R. Wasielewski and S.
Styring, Energy & Environmental Science, 2013, 6, 695-698.

N. S. Lewis and D. G. Nocera, Proceedings of the National Academy of
Sciences, 2006, 103, 15729-15735.

M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E.
A. Santori and N. S. Lewis, Chemical reviews, 2010, 110, 6446-6473.

S. Y. Reece, J. A. Hamel, K. Sung, T. D. Jarvi, A. J. Esswein, J. J. H.
Pijpers and D. G. Nocera, Science, 2011, 334, 645-648.

P. W. Du and R. Eisenberg, Energ Environ Sci, 2012, 5, 6012-6021.

Q. S. Yin, J. M. Tan, C. Besson, Y. V. Geletii, D. G. Musaev, A. E.
Kuznetsov, Z. Luo, K. I. Hardcastle and C. L. Hill, Science, 2010, 328,
342-345.

C. R. Cox, J. Z. Lee, D. G. Nocera and T. Buonassisi, Proceedings of the
National Academy of Sciences, 2014, 111, 14057-14061.

J. Luo, J.-H. Im, M. T. Mayer, M. Schreier, M. K. Nazeeruddin, N.-G.
Park, S. D. Tilley, H. J. Fan and M. Grétzel, Science, 2014, 345, 1593-
1596.

G. Sudre, S. Inceoglub, P. Cotanda and N. P. Balsara, Macromolecules,
2013.

P. Cotanda, G. Sudre, M. A. Modestino, X. C. Chen and N. P. Balsara,
Macromolecules, 2014.

G. Merle, M. Wessling and K. Nijmeijer, Journal of Membrane Science,
2011, 377, 1-35.

G. Couture, A. Alaaeddine, F. Boschet and B. Ameduri, Progress in
Polymer Science, 2011, 36, 1521-1557.

C. Jangu and T. E. Long, Polymer, 2014, 55, 3298-3304.

110



Membrane-less electrolyzer for hydrogen production across the pH scale

20. K. J. T. Noonan, K. M. Hugar, H. A. Kostalik, E. B. Lobkovsky, H. D.
Abruiia and G. W. Coates, Journal of the American Chemical Society,
2012, 134, 18161-18164.

21. Y. Ye, K. K. Stokes, F. L. Beyer and Y. A. Elabd, Journal of Membrane
Science, 2013, 443, 93-99.

22. E. A. Hernandez-Pagan, N. M. Vargas-Barbosa, T. Wang, Y. Zhao, E. S.
Smotkin and T. E. Mallouk, Energy & Environmental Science, 2012, 5,
7582-7589.

23. J. Jin, K. Walczak, M. R. Singh, C. Karp, N. S. Lewis and C. Xiang,
Energ Environ Sci, 2014, 7, 3371-3380.

24. M. A. Modestino, K. A. Walczak, A. Berger, C. M. Evans, S. Haussener,
C. Koval, J. S. Newman, J. W. Ager and R. A. Segalman, Enerqgy &
Environmental Science, 2014, 7, 297-301.

25. J. Newman, Journal of the Electrochemical Society, 2013, 160, F309-
F311.

26. R. Ferrigno, A. D. Stroock, T. D. Clark, M. Mayer and G. M.
Whitesides, J Am Chem Soc, 2002, 124, 12930-12931.

27. E. R. Choban, L. J. Markoski, A. Wieckowski and P. J. A. Kenis,
Journal of Power Sources, 2004, 128, 54-60.

28. R. S. Jayashree, L. Gancs, E. R. Choban, A. Primak, D. Natarajan, L. J.
Markoski and P. J. A. Kenis, J Am Chem Soc, 2005, 127, 16758-16759.

29. F. R. Brushett, W. P. Zhou, R. S. Jayashree and P. J. A. Kenis, Journal
of The Electrochemical Society, 2009, 156, B565-B571.

30. N. Da Mota, D. A. Finkelstein, J. D. Kirtland, C. A. Rodriguez, A. D.
Stroock and H. D. Abruna, J Am Chem Soc, 2012, 134, 6076-6079.

31. E. Kjeang, R. Michel, D. A. Harrington, N. Djilali and D. Sinton,
Journal of the American Chemical Society, 2008, 130, 4000-4006.

32. E. Kjeang, B. T. Proctor, A. G. Brolo, D. A. Harrington, N. Djilali and
D. Sinton, Electrochim Acta, 2007, 52, 4942-4946.

33. J. L. Cohen, D. A. Westly, A. Pechenik and H. D. Abruna, J Power
Sources, 2005, 139, 96-105.

34. W. A. Braff, M. Z. Bazant and C. R. Buie, Nature Communications,
2013, 4.

35. Y. Yang, J. Loomis, H. Ghasemi, S. W. Lee, Y. J. Wang, Y. Cui and G.
Chen, Nano Letters, 2014.

36. G. Segre and A. Silberberg, J Fluid Mech, 1962, 14, 115-135.

37. G. Segre and A. Silberberg, J Fluid Mech, 1962, 14, 136-157.

38. J. A. Schonberg and E. J. Hinch, J Fluid Mech, 1989, 203, 517-524.

39. J. B. Mclaughlin, J Fluid Mech, 1991, 224, 261-274.

40. J. B. Mclaughlin, J Fluid Mech, 1993, 246, 249-265.

111



Membrane-less electrolyzer for hydrogen production across the pH scale Chapter 7

41. G. Segre and A. Silberberg, Nature, 1961, 189, 209-&.

42. A. A. S. Bhagat, S. S. Kuntaegowdanahalli and I. Papautsky, Phys
Fluids, 2008, 20.

43. D. Di Carlo, Lab Chip, 2009, 9, 3038-3046.

44. S. S. Kuntaegowdanahalli, A. A. S. Bhagat, G. Kumar and I. Papautsky,
Lab Chip, 2009, 9, 2973-2980.

45. H. Amini, W. Lee and D. Di Carlo, Lab on a Chip, 2014, 14, 2739-2761.

46. H. E. Darling, Journal of Chemical & Engineering Data, 1964, 9, 421-
426.

47. S. Slade, S. A. Campbell, T. R. Ralph and F. C. Walsh, Journal of The
Electrochemical Society, 2002, 149, A1556-A1564.

48. A. Berger, R. A. Segalman and J. Newman, Energ Environ Sci, 2014, 7,
1468-1476.

49. M. J. Fuerstman, A. Lai, M. E. Thurlow, S. S. Shevkoplyas, H. A. Stone
and G. M. Whitesides, Lab Chip, 2007, 7, 1479-1489.

50. K. S. Elvira, X. C. I. Solvas, R. C. R. Wootton and A. J. deMello, Nat
Chem, 2013, 5, 905-915.

51. J. L. Cohen, D. J. Volpe, D. A. Westly, A. Pechenik and H. D. Abruna,
Langmuir, 2005, 21, 3544-3550.

112



Chapter 8
Membrane-less micro fuel cell based on
two-phase flow

Most microfluidic fuel cells use highly soluble fuels and oxidants in streams
of liquid electrolytes to overcome the mass transport limitations that re-
sult from the low solubility of gaseous reactants such as hydrogen and oxygen. In
this work, we address these limitations by implementing controlled two-phase
flows of these gases in a set of microchannels electrolytically connected through
a narrow gap. Annular flows of the gases reshape the concentration boundary
layer over the surface of electrodes and increase the mass-transport limited cur-
rent density in the system. Our results show that the power density of a two-
phase system with hydrogen and oxygen streams is an order of magnitude higher
than that of single phase system consisting of liquid electrolytes saturated with
the same reactants. The reactor design described here can be employed to boost
the performance of MFCs and put them in a more competitive position com-
pared to conventional fuel cells.
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8.1 Introduction

Close to two centuries have passed since the first reports of hydrogen fuel cells’.
These interesting early power generators did not reach practical use until recent-
ly due to various technical, social, political, and economic reasons. Driven by
environmental factors, hydrogen fuel-cell vehicles have regained attention, and
are commercially available todayg’ ? Portable electronics is another sector with
high potential for fuel cells, given the possibility of achieving higher power den-
sities than batteries. Implementation in this sector requires the development of
light weight and compact fuel-cells. Micro fuel cells are a class of power sources
that can address these requirements4'9. Additionally, their compatibility with
semiconductor manufacturing processes makes micro fuel cells a promising pow-
er source for consumer electronics.

An interesting group of micro fuel cells are microfluidic fuel cells (MFCs) that
allow for the implementation of laminar co-flow of an oxidant and a fuel stream
parallel to each other. In this configuration, mixing can only happen through

101 Tf the flow is fast enough,

diffusion at their interface between the streams
i.e. high Péclet number regime, this diffusion is negligible and does not affect
the performance; even without implementing separation membranes. Developing
fuel cells without membranes would reduce the cost, size and weight of the de-
vice. It can also lead to a better performance compared to conventional fuel cells
as liquid electrolytes have higher ionic conductivity than solid-state ones. De-
spite these advantages, membrane-less devices face significant hurdles since the
fuel and oxidant need to be dissolved into liquid electrolytes. Promising clean
fuels such as hydrogen have very low solubility in liquid electrolytes (< 0.8 mol
m™ at standard conditions), which introduces significant mass transport limita-

2 15, 16
*° In order

tions and restricts the peak power density to less than 1 mW /cm
to address this problem, alternative chemicals with high solubility in liquid elec-
trolytes can be implemented. Kjeang et al. demonstrated that by flowing aque-
ous vanadium redox species through porous electrodes, power densities as high
as 131 mW/ cm’ can be achieved. The two streams pass through highly porous
electrodes with numerous catalytic active sites and enter a microchannel where
they flowed parallel to each other and exit the chip downstream'”. An improved
cell design has been shown to provide power densities as high as 330 mW cm™
¥ Da Mota et al. used borohydride and cerium ammonium nitrate as fuel and
oxidant in a cell where the electrodes where deposited on plates with herring-
bone structures to induce chaotic mixing close to the electrodes surfaces and
improve mass transport. In order to prevent the fuel and oxidant crossover, they
integrated a 10 pm porous separator into the device and achieved a peak power
of 250 mW cm™ ", Despite these promising demonstrations, use of high energy-

density and economically viable fuels such as hydrogen in these devices can po-
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tentially promote their deployment. In this study, we revisit hydrogen as a fuel
and devise an approach that mitigates the mass transport limitations that has
restricted the development of high power density hydrogen MFCs. In order to
go beyond the saturation limit of gases in liquid electrolytes, two-phase flows
will need to be considered. Implementing two-phase flows, requires the concep-
tion of a mechanisms to introduce and maintain separate Hy and Os gas streams
with minimal level of mixing. Furthermore, these gaseous streams will need to
be encapsulated in a continuous ionically conductive phase, i.e. liquid electro-
lyte. Under this configuration, gas crossover would only occur via diffusion, and
as far as the stream velocity is high, mixing between the two gas streams would
be negligible. In the following sections, we describe a method that satisfies all of
these conditions and allowed for the demonstration of a proof-of-concept device
that delivers one order of magnitude higher power density compared to its single
phase counterpart. Such a method can be implemented in other electrochemical
systems where mass transfer is a major performance barrier.

8.2 Working principle

It is known that droplets and bubbles confined to microchannels adapt their
morphology to minimize their surface energy. This property has been used to
trap or guide these deformable entities into cavities or rails at the walls of mi-
crochannels® >, Making use of this principle, two streams of Hy and O, gas in-
side electrolyte are confined to two separated microchannels connected by a
shallow ionic bridge. The elongated bubbles are surrounded by the liquid elec-
trolyte which fills in the shallow mid channel as well. The top wall of each gas
channel is covered by a thin platinum electrode where the gases can diffuse to
their surface through the very thin liquid film wetting the hydrophilic channels
walls. In this way, the bubbles act as reservoirs of fuel and oxidant feeding the
thin liquid layer that separates the gas streams from the electrodes. Further-
more, the protons can move freely in this layer and reach the cathode through
the shallow gap. A three dimensional illustration of this structure is provided in
Figure 8.1. It is worth noting that a similar channel profile has been previously
used in an MFC with formic acid as fuel and potassium permanganate as oxi-
dant in order to reduce the cross-diffusion area between oxidant and fuel
streams®

8.3 Analytical and Numerical Model

To gain insights into the expected mass-transport enhancement from a two-
phase configuration over single phase one, a simple analytical model has been
developed for the former and a 3D numerical model in COMSOL for the latter.
In both cases, only mass transport limitations have been taken into account, as
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they are expected to be the dominant source of losses at maximum current den-
sity which is dictated by the maximum mass flux of reactants towards the sur-
face of the electrodes.

Liquid Electrolyte Channel Wall

Figure 8.1. Schematic representation of the two-phase flow concept in a membraneless fuel cell.

a c=0aty=0

[ Electrode
[0 Electrolyte
[ Gas

Figure 8.2. a) Schematic of the cell cross section for the two-phase configuration and the boundary
conditions for the diffusion equation. Approximate determination of the liquid film thickness is
provided in the supporting information. b) 3D schematic of the modeled geometry with applied
boundary conditions. U,y is the average velocity and Py, the atmospheric pressure.
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For the two-phase case, the mass transport inside the thin liquid electrolyte film
is assumed to be one dimensional and diffusion dominated. Under these condi-
tions, the mass transport of gases can be described by,

2
g _poc
ot dy?

Where ¢, t, D, and y are the concentration of species, time, diffusion coefficient,
and spatial coordinate in the cross flow direction, respectively. At steady state,
the solution to this equation, subject to a zero concentration of reactant at the

surface of the electrode (Figure 8.2a), is linear and in the form of c(y) = %y,

where d corresponds to the thickness of liquid film and Cg, to the equilibrium
concentration of species at the gas/liquid interface. Assuming a uniform Fickian
diffusion over the electrode’s area, the average flux of species for the two-phase
case can be estimated to be D%. Assuming equal average velocities for the gas

and liquid phases in the annular flow (i.e. homogeneous conditions) the liquid
film thickness, d, can be calculated. The homogeneity condition for elongated
bubbles in rectangular channels has been observed before % Based on this as-
sumption, the ratio of gas flow rate to the total flow rate equals the ratio of the
portion of cross section occupied by the gas to the total channel cross section:

Aps _ Qus (135 -20)(50-2d) _
Atotal Qtotal 135 x50

In above equation, a equals to 0.89, 0.94, and 0.97 for 4, 8, and 16 ml/h of gas
flow rates, respectively. The liquid electrolyte in the half cell is 0.5 ml/h. Simpli-
fying above equation leads to a hyperbolic equation based on d which has the
solutions reported for each flow rate in Table 8.1.

The values for D and Cg,; for Hy are used in the calculations since it is the
transport limited reactant. In other words, the product of DCg,/n for hydrogen
in water at 25°C is 1.75 x 10” mol m™ s versus 2.6 x 10” mol m™ s for OXy-

gen, where n is the number of moles for each reactant in the overall reaction, i.e.
2Hy + Os > H50.

The 3D model is developed for half of the cell subject to a zero concentration of
reactant at the surface of the electrode as depicted in Figure 8.2b. The problem
is solved in COMSOL by coupling laminar flow and transport of dilute species
modules. The average mass flux over the electrode is calculated from the results
and given in Table 8.1 for comparison with experimental results. The general
trend shows that a short circuit density enhancement between 500 to 1100% is
expected depending on the flow rates used.

117



Membrane-less micro fuel cell based on two-phase flow Chapter 8

8.4 Experimental section

8.4.1 Device architecture and fabrication

The fluidic channels were dry etched into a double sided silicon wafer with one
micron of wet oxide layer on both sides acting as mask for the etching process.
The process involves two photolithography steps on the front side and one on
the backside for fluidic ports and electrical connection holes. At the end of the
process, the initial oxide layer was removed in an HF bath and a new 170 nm
dry oxide layer was grown to render the surface hydrophilic and electrically in-
sulating. There are six fluidic ports on the device: two for introducing the liquid
electrolyte, two for gas injection, and the last two as the outlet. The 170 nm
thick Pt electrodes are patterned on a Pyrex wafer using photolithography and
ion beam etching. A 10 nm Ti seed layer was deposited prior to Pt sputtering to
promote adhesion. The two wafers were then cleaned, aligned, and bonded anod-
ically. The detailed procedure is shown in Figure 8.3.

Double sided
silicon wafer

I

Borofloat wafer
Tiand Pt sputtering

First front side Photolithography
photolithography

Dielectric etching lon beam etching
of oxyde (IBE)

Second front side

Photoresist strippin
photolithography RpId

First front side dry

reactive onetching [l I

(DRIE)

Photoresist stripping +
Second front side DRIE

Back side Wafers alignment, anodic bonding and dicing
photolithography m

Dielectric etching I u I

of oxyde + DRIE

Photoresist stripping l u .

Figure 8.3 The fabrication procedure of the micro fuel cells: microchannels on the silicon wafer
(left side) and electrodes on the Borofloat wafer (right side). The two wafers are aligned and an-
odically bonded together in the last step.

—_
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\ Outlet

Electrolyte

/

channels

b 22 mm

inlet= —inlet

Electrolyte inlet

Figure 8.4. a) Top view of the fluidic microchannels layout in a micro fuel cell. b) Photograph of a
representative MFC. PDMS pieces provide a flexible bed for introduction of electrolyte, fuel and
oxidant streams. Anode and cathode connections to the potentiostat are established through con-
ductive wires soldered to the Pt electrodes.

The widths and depths of the two deep channels are 135 and 50 pm respectively
and the width and depth of the connecting gap is 130 and 10 pm, respectively.
The elongated gas bubbles contained in the liquid phase are generated in a cross
junction upstream before entering the main channel. The length of all channels
is 1 cm out of which 5 mm are covered with the platinum electrodes and the
rest are used as a transparent window for visual inspection. The layout of the
fluidic channels is shown in Figure 8.4a. The main channels end up into a Y
shaped bifurcation separating the oxidant and fuel flows downstream. Several
narrow shunt channels were introduced to balance the pressure between the two
outlet channels®’. This ensures no clogging by bubbles at the outlets as can be
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seen from Figure 8.7b. The platinum electrodes are 5 mm long and 120 pm wide
and the gap between the two is 160 pm. This accounts for an active electrode
area over the channels of 0.006 cm”.

There are six cells on each pair of wafers (Figure 8.5) which are diced and used
individually for measurements. After dicing, PDMS pieces with punched holes
are bonded on top of fluidic ports to provide a flexible bed for tubing and elec-
trical wires are soldered to the open area of Pt electrodes in order to connect the
device to a potentiostat for characterization as depicted in Figure 8.4b.

Figure 8.5. Front side view (left) and back side view (right) of the final bonded wafers. There are
six cells on each set of wafers which are diced and tested individually.

8.4.2 Experimental set-up and characterization

The two electrolyte inlets are connected to two plastic syringes from Becton
Dickinson filled with 1 M sulfuric acid and mounted on a dual syringe pump
(Cronus Sigma 2000). The two gas inlets are connected to two gas tight syringes
from SGE Analytical Science, each filled with pure hydrogen and oxygen and
mounted on a similar pump. The outlets are drained into a beaker using tubes
of the same size. For the single phase measurements, the gas inlet tubes are
blocked by a clipper and the electrolytes in each syringe is saturated with hy-
drogen and oxygen prior to the measurements by bubbling each gas through 1
M sulfuric acid solutions placed in separate containers for 15 minutes. Prior to
this saturation process, the electrolyte was bubbled with Ny to eliminate traces
of Oy from ambient air.
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In the case of two-phase measurements, the operation of the devices is visualized
using an optical microscope in reflection mode. A fast camera (Photron’s
FASTCAM Mini UX100) is used for capturing videos at high frequencies.

The electrochemical characterization is performed using a VSP-300 Biologic Po-
tentiostat. The measurements are done at three different flow rates for both
single phase and two-phase cases. In order to have a fair comparison, the total
flow rate for the two gases in the two-phase system is set equal to the total flow
rate for the liquid electrolyte in the single phase case. In the two-phase case, the
liquid electrolyte’s flow rate is kept constant at the small value of 1 ml h™ to
provide ion conduction between the two electrodes. Unlike the single phase case,
this stream is not saturated with any of the gases before flowing into the chip.

8.5 Results and discussion

As explained above, the main purpose of this study is to mitigate the mass
transport limitations in MFCs, which arise from the low solubility of hydrogen
and oxygen in liquid electrolytes. In order to achieve this, a two-phase flow
MFC with two annular flows of each gas, i.e. Hy and O, in a liquid electrolyte
was developed. Under this configuration, mass transport models suggests that
the maximum power density can be enhanced by up to a factor of 11 for a
fuel /oxidant flow rate of 16 ml hr, when going from single phase to two-phase
operation. To provide insights on the mass transport limitations for a one phase
device, the mass flux maps together with the concentration boundary layers
over the electrode are depicted in Figure 8.6. Furthermore, the average values of
flux are reported in Table 8.1 for comparison with the analytical values obtained
for the two-phase case. Figure 8.6a to 4c show that the mass flux is highly non-
uniform when we move along the electrodes and drops quite rapidly in the first
few hundreds of microns. This clearly demonstrates that the single phase device
suffers significantly from the lack of reactants at the vicinity of the electrode’s
surface, and the average mass flux drops drastically as a function of electrode
distance (Figure 8.6e and f). This is in contrast with the two-phase case where
the mass flux is expected to remain approximately uniform throughout the
length of the electrode, making the two-phase device intrinsically scalable.

To experimentally demonstrate the potential of the proposed MFC architecture,
devices were fabricated and characterized under various operating conditions.
The top view of the device during operation is shown in Figure 8.7, both at the
inlet and outlet of the cell. These images show that the elongated bubbles are
confined to their corresponding channels and do not enter the narrow gap in
between. This is due to the fact that entering this region will increase the sur-
face energy of the gas bubbles and, therefore, is thermodynamically unfavorable.
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Figure 8.7 demonstrates that the flow inside the channels is approaching an
annular profile. Within this flow profile, gas transport towards the electrodes
can be enhanced as molecules only need to diffuse through a thin layer of elec-
trolyte covering the electrodes; at the same time the ionic resistance can be
high, as ions are restricted to migrate through this thin film of electrolyte. The
potentiostatic electrochemical impedance spectroscopy (PEIS) measurements
show only a 728 ) difference between the resistivity of the two device configu-
rations. This is likely caused by the in-plane electrode architecture of the cells
where most of the current is expected to pass through the inner edges of the
electrodes, and the ionic conductivity of the device is defined by the shallow gap
connecting the two channels. Since this gap is the same for both the single and
two-phase cases, the conductivity values are not expected to differ significantly.
The negligible difference between the cells resistivity, ~3 €2, operating at differ-
ent gas flow rates in the two-phase case is another indication that most of the
current passes through the electrodes closest edges. At larger gas flow rates, the
electrolyte film thickness is smaller and, therefore, the ionic conductivity is ex-
pected to be smaller. At low currents and overpotentials, the reaction is ex-
pected to take place mostly at the inner edges of the electrodes because the loss-
es will be dominated by the electrolyte resistance. As the current increases, its
distribution over the surface of electrodes becomes more uniform since the over-
potential losses increase and become comparable to the ohmic losses. These
asymmetries in the current density distribution would lead to an ionic resistance
that is highly dependent on the overall operating current.

mol/m?s™! mol/m?

vo | R | A 4.7286x107 vo | S | A 07852
0 0.002  0.004 | ¥ 0 05
I 60 pm a 25 um o]

c ﬁ
y

X

b L

Figure 8.6. Mass flux maps over the initial electrode area for fuel/oxidant flow rates of (a) 4 ml h°
' (b) 8 ml h™', and (c) 16 ml h™. The concentration boundary layers formed right beneath the
electrode in a plane passing through its middle are provided for the same flow rates on the right
(d to f).

Figure 8.7b also shows that a significant portion of reactants exit the device
without participating in the reaction. This low fuel consumption per cycle is a
shortcoming for all MFCs, but the advantage in our two-phase system is that
the fuel recycling can be done in a practical way. In the single phase MFCs, the
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area around the streams interface at the end of the channel contains both fuel
and oxidant, making it difficult to separate them precisely and reintroduce them
into the device. On the contrary, it can be seen from Figure 8.7b that this sepa-
ration is actively done in the present device and, therefore, recycling in this de-
vice is possible.

H, bubbles in liquid electrolyte Anode
Gap

O, bubbles in liquid electrolyte
Cathode

400 ym

Figure 8.7. Top view of the device during operation under a total 16 ml h! gas flow (8 ml h! for
each gas stream) and 1 ml h™' of electrolyte flow: (a) beginning of the cell, and (b) end of the cell.
Thermodynamically, the gases minimize their surface energy by being confined to the each of the
channels above the electrodes and do not enter the shallow gap in between. The electrolyte fills in
the gap and surrounds the gases, providing ionic conduction between the anode and cathode.
Shunt channels in (b) provide pressure balance between the two outlet branches and prevent any
potential bubble clogging.

The polarization and power density curves of the fuel cell are provided in Fig-
ure 8.8a and Figure 8.8b, respectively. Open circuit voltages are all close to 1 V,
suggesting that the fuel crossover in all cases is similar and negligible. The re-
sults for the single phase case correlate well with values obtained elsewhere'®.
The current and power densities of the two-phase case are one order of magni-
tude higher than that for the single phase, suggesting that mass transport limi-
tations have been alleviated by the introduction of controlled two-phase
streams.

Figure 8.9 compares the peak power density and short circuit current density
values for the two-phase and single phase cases at every tested flow rate. The
experimental values are comparable with those obtained from the mass-
transport model described in Section 8.3, indicating that mass-transport losses
limit the performance of these fuel-cell devices.

Table 8.1 summarizes the average flux values, their ratios, and the ratio be-
tween the short circuit currents at each flow rate for both single phase and two-
phase conditions. It can be seen that for higher flow rates, the simulation data
overpredict the enhancement, suggesting that other limiting processes start to
play a significant role.
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Figure 8.8. (a) Polarization and (b) power density profiles of all devices at three different flow
rates. Solid lines and dashed lines correspond to the two-phase and single phase device respective-
ly. Higher power densities are demonstrated for the two-phase device, suggesting an increased
mass-transfer of gases to the electrodes. Expanded plots for the single phase devices are provided
in SI.
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Figure 8.9. Comparison of peak power densities and short circuit currents at different flow rates
under single and two-phase configurations.
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Table 8.1. Average flux value ratios from modelling and comparison with short circuit current

ratios from experiment

Two-phase Single phase
Flow
Average flux Jiphase
rate X 1 phase
A " J Average J ratios e
verage flux ,. . .
1, |d [pm] g_Q 1 o, flux * | (modeling) (experimental)
[ml hr™] [mol m™s™] | [mA cm™] o .| mA cm™]
. [mol m™s™]| .
(Figure 8.9) (Figure 8.9)
4 2.02 | 1.74x10° 7.5 2.94x10™" 1 5.9 75
8 | 106 | 3.31x10” 14.7 4.19x10™ 1.96 7.9 75
16 0.54 6.50x107 26.6 5.89x10™ 2.9 11 9.2

8.6 Conclusion

This study demonstrates that the mass transport limitations of single phase
MFCs operating with hydrogen and oxygen saturated electrolytes can be relaxed
by introducing Hs and O annular flows in electrolytes. By allowing gas streams
to minimize their surface energy in confined microfluidic channels, we demon-
strate that gas mixing can be prevented. The results show that the two-phase
system delivers one order of magnitude better performance compared to its sin-
gle phase counterpart. The method introduced here, opens up a pathway to re-
visit the utilization of gaseous hydrogen in high power density MFCs which was
hindered by its low solubility in liquid electrolytes. Such a technique can be
used in other electrochemical systems to boost their performance by relaxing
potential mass transfer limitations. The power densities obtained in this work
can be further improved by using micro/nanostructured electrodes. These elec-
trodes induce mixing in the concentration boundary layer while providing higher

active area for reactions to take place.
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Chapter 9
Conclusion and outlook

Based on the results presented in this dissertation, a strategy for thorough
understanding of flow based electrochemical reactors is discussed. The po-
tential macroeconomic impact of implementing such reactors is researched and
other redox reactions that can benefit from this development are identified. Fol-
lowing to these discussions, recent efforts to answer the fundamental scientific
questions together with the envisioned pathways for their scale up is presented.
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9.1 Introduction

Within the framework of this dissertation, several proof-of-concept devices in
the field of electrochemical energy conversion have been realized. In design and
implementation of all these devices, performance, design simplicity, and cost
were key concerns. This study was in perfect timing with the efforts of materials
and chemistry communities whose focus is on development of stable, inexpen-
sive, and efficient components for these reactors. In this chapter, future research
and development lines are discussed and some initial results are presented.

9.2 Multiphase Flow Electrochemical Reactors (MFERs):

Electrochemical processes account for a significant fraction of the electricity
consumption in the world (i.e. more than 6% in the United States) . Among
them, water-based processes such as the chloro-alkali process accounts for ap-
proximately half of that energy requirement, and more than 55% of specialty
chemicals require at least one of the products from this process — sodium hy-
droxide, chlorine or hydrogen. This industrial process requires very significant
energy inputs which account for a predominant fraction of the cost of their
products %3 Furthermore, as the world moves towards the implementation of
intermittent renewable generation sources, electrochemical energy conversion
devices such as water electrolyzers are expected to be used as energy storage
mechanisms **. Currently, the electrochemical production of hydrogen is not
economically competitive with alternative production from fossil fuels: due to
the high cost of the electricity input required L Figure 9.1 provides an esti-
mate on the potential electrical power saving by moving from a membrane
based reactor towards an MFER. In preparation of this figure, it is assumed
that only the solid membrane is replaced by a liquid electrolyte with almost four
times higher conductivity. Such an enhancement is achievable by moving from
Nafion membranes to 1 M sulfuric acid. In this case, the reduction in power
consumption for a given hydrogen generation rate is 20%. This implies more
than one percent decrease in yearly electricity consumption of a country such as
the US, i.e. 49 TWh 2 To put it into perspective, this amount exceeds the year-
ly production of 5 Leibstadt nuclear power plants in Switzerland. It must be
noted that in this analysis, the fluidic losses and decrease in conductivity due to
the presence of bubbles inside the electrolyte are not accounted for. These two
sources of energy losses are important and the insights provided by future inves-
tigations will help to minimize them in order to achieve the maximum possible
benefits from MFERs.
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Figure 9.1. The power saving potentials of liquid electrolyte, flow based reactors versus solid elec-
trolyte reactors. The curves are approximate and not based on real data.

Flow based electrochemical reactors reported in this dissertation are a class of
devices that rely in flowing electrolytes to perform the ionic conduction and
product /reactant separation tasks that are commonly carried by ion-conducting
membranes. To facilitate their implementation, unveiling fundamental aspects of
MFERs under practical operating conditions is necessary: high current densities
(>500 mA cm’2), flow rates that provide control over the bubble trajectory
(laminar flow regimes: 10 < Re < 100), and optimized interelectrode distances
for energy efficiency (<500 pm). Proceeding in this direction and with reference
to Figure 9.3, understanding the fluid dynamics of multiphase flows to capture
the impact of controlled quantities, such as cell geometry and fluidic properties
on the monitored quantities, such as bubbles sizes and their equilibrium posi-
tions is crucial. This process is performed exploiting numerical simulations and
experimental case studies in a complimentary way. In a second step, electro-
chemical measurements are performed to monitor quantities, such as species
concentration gradients and bubble induced ionic resistances, when exposed to
variations in electrochemical control quantities. In a parallel and interactive
effort, governing laws of electrochemistry will be introduced into the multiphase
flow solver of the first step, taking advantage of experimental data for verifica-
tion. These interactions are illustrated in Figure 9.2. Finally, the built-up
knowledge will represent the basis for the optimization of figures of merits in the
right box of Figure 9.3.

The processes taking place inside an MFER can be divided into three categories
which serve as thrusts for fulfillment of the research goals. These thrusts are
depicted in Figure 9.4.
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Figure 9.2. Schematic diagram of the multi-disciplinary interactions proposed in Section 9.2.

Controlled Quantites
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- Efficiency
» » - Products' Purity
- Throughput

Figure 9.3 The possible combinations of relevant quantities needed to fully understand the prob-
lem is excessively large, and is further complicated by the presence of multiple coupled parame-
ters. A simulation package verified by a minimum number of experiments can save resources
significantly when moving towards the design of efficient and scalable devices.

Thrust 1: Understand the dynamics of flowing bubbles in confined channel
geometries.
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In order to understand the bubble dynamics and their behavior under forces
induced by laminar flow, the problem can be simplified by decoupling electro-
chemistry and physics of multiphase flow. In this scope, gas bubbles are inserted
into the flowing electrolyte. Experimentally, they are injected from side chan-
nel(s) into the electrolyte flowing in the main channel (Figure 9.4). The bubbles
can be introduced from single to multiple channels on one or both sides of the
main channel to capture a complete range of possible scenarios: mono-sized
bubbles injected from one side as the most primitive case to multi-sized bubbles
from both sides as the most complex scenario. Numerically, the bubbles are ini-
tially placed according to the aforementioned scenarios into a periodic channel
of the same geometry and advanced in time. Fluidic and cell geometry parame-
ters in Figure 9.3 will be varied to observe their impact on relevant quantities of
the middle box.

Thrust 1: Bubbles in flow

Fluid dynamics

Thrust 2: Bubbles growing from electrodes

Fluid dynamics Electrochemical engineering

Thrust 3: Ultimate MFERs

Fluid dynamics + Electrochemical engineering

Figure 9.4. Schematic representation of proposed thrusts: The first thrust explores the physics of
bubbly flows. Thrust 2 is expanded around the investigation of bubble growth on the surface of
discrete electrode pair(s). Thrust 3 motivates the implementation of the knowledge gained in the
previous thrusts for the development of the ultimate MFER.

Thrust 2: Understand the fluid dynamics and mass transport factors that drive
the bubble growth and detachment processes at the surface of gas-evolving elec-

trodes

133



Conclusion and outlook Chapter 9

The first step in multiphase electrochemical production processes involves the
nucleation and growth of bubbles at the surface of electrodes. This step is criti-
cal for the performance of MFERs, as the residence time of bubbles pinned to
the surface of catalytic sites dictates the diffusion induced crossover of gases.
The growth rate, density, and distribution of nucleation sites affects ionic con-
centrations and, therefore, local current densities. Moreover, the percentage of
the area of the electrode that is covered by the bubbles at steady state condi-
tions defines the size of effective area which contributes to the overall reaction,
affecting the overall cell overpotential. In order to better control the number of
phenomena involved, growing bubbles at discrete points along the flow channels
are considered. This helps to control the size range of produced bubbles and
their interactions with each other in order to develop an understanding step by
step and gradually increase the degrees of complexity. Important variables are
electrochemical and fluidic parameters and quantities of interest include bubbles
sizes, ionic concentrations, and gas dissolution percentage (Figure 9.3).
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Figure 9.5. Bi-stable bubble position for different radius and Reynolds number: the micrographs
on the right present experimental results obtained in LO, EPFL, and corresponds to the circled
points in the graph on the left. Courtesy of Pooria Hadikhani.

Thrust 3: Characterize practical MFERs and moving towards their optimiza-

tion

In practice, the reaction takes place on the entire surface of continuous elec-
trodes lying along the MFER channels. The bubbles evolve at different sizes and
interact with each other. They induce secondary flows and coalesce to form
larger entities. Moreover, their volume fraction inside the electrolyte has an ad-
verse effect on ionic conductivity of the electrolyte. In such a scenario, the in-
valuable insight and knowledge gained from the simplified systems discussed
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above facilitate a complete understanding of the final device. This understand-
ing can then be used to select the best possible combinations of controllable
quantities in order to observe the most desirable sets of monitored quantities in
Figure 9.3 and act as a basis for moving towards an ultimate MFER with the
best possible figures of merit.

Thrust 1 is being pursued at EPFL by a new PhD student. Figure 9.5 reflects
part of results obtained from his studies.

9.3 Alternative electrochemical reactions

Throughout this dissertation, water splitting has been used as a model system
to evaluate performance of the reported devices. However, it must be noted that
the functioning principles of these reactors can be also adopted for other electro-
chemical reactions. Two of these reactions are briefly described in the following
subsections.

9.3.1 Chloaralkali process

The chloralkali process is the inudustrail method of producing chlorine and so-
dium hydroxide by electrolysis of brine or NaCl solution. Similar to the water
spitting reaction, this process involves two redox half reactions at the anode and
cathode:

Anodic reaction: 2ClI" — Cly + 2¢
Cathodic reaction: 2H,O + 2¢" — H, + 20H"

An ion conductive membrane lying between the anode and cathode, allows for
the sodium ions (Na+) to pass through and combine with the hydroxide ions
(OH") to produce caustic soda (NaOH). Therefore, the overall reaction takes the
following form :

Hydrogen is also a byproduct of this reaction which can be valorized as a clean
fuel if the brine electrolysis is performed with green electricity.

There are two main aspects of this reaction which makes it attractive for mem-
brane-less concepts proposed in this study:

1) Unlike hydrogen which is mostly produced through steam reforming of natu-
ral gas on industrial scale, brine electrolysis is the main industrial method for
production of chlorine. This makes it easier to introduce the membrane-less
technology into the market.
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2) Ion conductive membranes such as Nafion used in current state of the art
chloralkali cells, work efficiently for very small cations such as proton. They
impose a much larger overpotential to the cell for larger cations such as Na '~ in
this reaction.

9.3.2 Carbon dioxide reduction

Electrochemical reduction of CO,to CO and hydrocarbon fuels such as methane
is a recent topic of interest in electrochemistry society due to the environmental
concerns of global warming. The current problems associated with this reaction
which can be addressed at the device level are the mass transport limitation of
carbon dioxide as a reactant and large operating cell potentials. A concept simi-
lar to the one for two-phase flow microfluidic fuel cell can be adopted to relax

these problems.

9.4 Throughput enhancement

Although the devices presented in this study can be integrated into devices such

1214 . . . .
without strict scaling requirements,

as micro flame ionization detectors
when it comes to microreactors, the most common criticism is their low
throughput. This is even more crucial in the field of energy where the quantity
of energy carrier is of prime importance. There are two ways of increasing the
throughput when microfluidic technology is utilized: scaling out and scaling up”’
These strategies have been discussed in Chapter 2 and here, the efforts to fabri-
cate a larger membrane-less electrolysis cell is briefly discussed. One such a way
is the areal scale up of electrodes as discussed in Chapter 7. The optimal imple-
mentation of this device is possible after shedding light on the working princi-
ples of MFERs presented in Section 9.2. A second scaled up device under devel-
opment is a stagnant cell with gas diffusion electrodes containing biphilic struc-
tures'®. It is worth noting that the electrochemistry community is undertaking

17-19

alternative methods to further develop the membrane-less concept.
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