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Résumé

Les électrolyseurs a électrolyte polymére (PEM), employés dans le processus d'électrolyse de I'eau,
ont une utilisation limitée due au manque de connaissances des phénomenes physiques en jeu,
notamment au niveau de la membrane utilisée pour séparer I'eau. La compréhension des
mécanismes de transfert de masse et d'ions au sein de cette membrane est essentielle pour améliorer
le rendement de ces systemes. Ainsi, I'objectif de cette thése est de développer une technique de
caractérisation basée sur l'imagerie afin de mieux comprendre les phénoménes de transport dans

la membrane d'une PEM. Le déroulement de cette theése est organisé en deux parties.

Dans la premiére partie de la thése, une plateforme d'imagerie basée sur la spectroscopie infrarouge
(IR) a transformée de Fourier (FTIR) et sur la thermographie IR est présentée. Le dispositif
expérimental a été développé et utilisé pour étudier deux réactions acide-base exothermiques dans
un canal microfluidique. Le champ de concentration 2D imagé permet de quantifier simultanément
le transport de chaleur et de masse dans le canal microfluidique. Les résultats expérimentaux ont
été utilisés pour valider une simulation du phénomene de diffusion-advection-réaction. Ces
premiers résultats ont permis de montrer la viabilité du banc expérimental pour la caractérisation

du transfert de masse dans une puce microfluidique.

Dans la deuxiéme partie de la thése, une PEM microfluidique a été spécifiquement développée
afin de mesurer la teneur en eau dans la membrane via une technique de spectroscopie par
transmission dans la gamme IR. Dans un premier temps, un dispositif de spectroscopie FTIR
synchrotron a été utilisé pour étudier le processus de séchage et d'hydratation de la membrane.
L'¢lectrolyseur PEM microfluidique a ensuite été caractérisé sur une plateforme d’imagerie qui
combine la spectroscopie IR et les mesures €électrochimiques. Les cartographies 2D obtenues grace
a cette technique permettent de quantifier I'hydratation de la membrane sur une surface. La
combinaison des images et des mesures ¢électrochimiques a permis d'établir le lien entre les
performances, les pertes ohmiques et le transport de masse dans la membrane. Les résultats de
cette these montrent le potentiel des techniques IR basées sur la transmission pour comprendre les
mécanismes de transport dans les PEM microfluidiques en fonctionnement. Ces techniques IR sans
contact pourraient étre utilisées pour quantifier d'autres phénomenes tels que la trainée électro- ou

thermo-osmotique.
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Abstract

Understanding and improving mass and ionic transport mechanisms within the membrane used in
polymer electrolyte membrane (PEM) water splitting electrolyzers is vital for achieving improved
efficiencies that would enable the use of water electrolysis in sustainable energy infrastructures. A
better understanding of mass and ion transport within the PEM are essential to achieving the
improved performance and efficiencies necessary for wide-scale commercialization of these
devices. The work from this thesis aims to improve characterization methods for measuring PEM
hydration using an operating microfluidic PEM electrolysis chip coupled with operando infrared

(IR) spectroscopy. This development of this thesis is organized through two parts.

In part one and prior to the development of the microfluidic electrolyzer, the experimental setup
for IR characterization via Fourier transform infrared spectroscopy (FTIR) and IR thermography
was developed. This setup was tested through a microfluidic chip designed for semi-transparency
in mid-wave IR light. Two exothermic acid-base reactions were imaged in the chip to
simultaneously quantify heat and mass transport in the microfluidic channel. Concentration fields
of each chemical species and thermal fields of the chemical reactions were resolved from the
acquired IR images. Experimental results were used to validate an advection diffusion simulation
of the chemical reaction within a meshed replica of the microfluidic chip, for which there was a

strong agreement between the results from each dataset.

In part two, the methods from part one were honed for the fabrication of the first microfluidic PEM
water electrolyzer for transmission-based IR characterization. The water content within the PEM
of the microfluidic water electrolyzer was characterized through two operando IR spectroscopy
setups. The first IR experimental setup utilized a synchrotron FTIR spectroscopy setup, where the
water content of the PEM was quantified using IR for the first time, albeit only at a single point.
The second microfluidic PEM electrolyzer setup used a broadband IR source combined with other
techniques to distinguish contributions from ohmic, kinetic, and mass transport losses while
acquiring IR images. Images were acquired during potentiostatic operation for a range of anolyte
concentrations. Electrochemical impedance spectroscopy (EIS) and distribution of relaxation
times (DRT) analysis unveiled that higher anolyte concentrations were accompanied by reduced
ohmic losses but higher kinetic and mass transport losses. The higher mass transport losses were

investigated through images averaged over comparable time scales to EIS and DRT results, and
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implied that inefficient gas removal occurred at the cathode. These effects were further
investigated through the PEM hydration (4,0 ) via three characteristic regions where the adjacent
channels were either wet, dry, or a mix of both. The local channel wetness was observed to strongly
affect the PEM’s hydration through gradients that manifested between cathode and anode

channels.

Results from this thesis show the potential of transmission-based IR techniques for elucidating
transport mechanisms in PEMs of operating microfluidic electrolyzers. Implementing layers that
are traditionally implemented in fuel cells and electrolyzers for gas-liquid management into the
microfluidic PEM electrolyzer could greatly improve results obtained from the presented methods.
Consequently, IR techniques could potentially be used to achieve the contactless quantification of
phenomena such as electro- or thermo-osmotic drag. The findings in this thesis provide valuable
insights for membrane characterization in electrochemical devices with integrated PEMs, and will

inform the next generation of electrolyzer design.
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1 Introduction

Over the past couple decades, poorly regulated anthropogenic activities have led to rapidly
increasing global temperatures and have triggered the sixth and ongoing extinction event — The
Holocene Extinction.! This looming threat of climate change has motivated the shift in energy
usage from fossil fuel consumption to renewable energy. While the shift to renewable energy is
promising and is scaling up globally, it must also accommodate the increasing global energy
consumption which was forecasted by the EIA to increase by 56 % between 2010 and 2040.2 In
addition to the development of renewable energy technologies such as wind and solar, energy
storage infrastructure must be developed in tandem to compensate for the intermittent nature of

these renewable technologies.>*

A hydrogen economy has been proposed as a potential solution for energy storage when coupled
with intermittent renewable energy technologies.™® Electrical energy produced through wind and
solar can be converted and stored to chemical energy in the form of hydrogen as an energy carrier.
Polymer electrolyte membrane (PEM) water electrolyzers are one of the most promising
technologies for fulfilling this necessity, through the electrochemical splitting of water in the
absence of carbon emissions. Moreover, PEM electrolysis benefits from: high purity hydrogen
production (>99.95 %), fast system responses (on the millisecond scale), high operating current
densities, and flexible operating conditions.’”® However, the high capital costs and low efficiencies
of these devices has slowed their commercialization, and are consequently key research targets for
spearheading this technology.® Thus, optimizing the efficiency of PEM water electrolysis is

imperative for achieving the future hydrogen economy.

1.1 Polymer electrolyte membrane water electrolysis

PEM electrolyzers are typically comprised of the PEM, flow channels, porous transport layers
(PTLs), and catalyst layers (CLs). The PEM is a thin (~20 um to 300 um thick) persulfonated
membrane that separates the anode and cathode compartments of the electrolyzer. In electrolyzers,
the PEM is a solid electrolyte between the anode and cathode CLs, acting as an electrical insulator
and reactant barrier while remaining permeable to protons.®!° The flow channels deliver reactants

through the PTL to the catalyst layer, where the electrochemical reaction occurs (Fig. 1-1).



Anode Cathode

Fig. 1-1: A schematic of a PEM electrolyzer for water splitting. Oxygen evolution occurs at the

anode, and hydrogen evolution occurs at the cathode.

At the anode CL, the oxygen evolution reaction (OER) separates water molecules are into oxygen
gas and hydrogen protons, as shown below in Eg. /-1. The PEM is preferentially permeable to the
byproduct hydrogen protons and blocks oxygen gas from the OER. Hydrogen protons that traverse
through the PEM to the cathode compartment are converted to hydrogen gas through the hydrogen
evolution reaction (HER) as shown in Eq. /-2. The overall reaction considering both the HER and

OER is shown in Egq. I-3.
Anode: H,0 — 2H* +30, + 2e Eq. I-1

Cathode: 2H* + 2e~ - H, Eq. 1-2
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Overall: H,0 > Hy +5 0, Eq. 1-3

When the electrolyzer is operated under reversible conditions (i.e. open-circuit conditions), the
reversible potential of the electrolyzer E,..,, [V] can be determined as a function of temperature T

and pressure P.

AG(T, P)

Erev(TJP) = nF

Eq. 1-4

where AG is the Gibb’s free energy of reaction [J mol™'], n is the charge transfer number [-], and
F is Faraday’s constant [96485 C mol™']. The thermo-neutral potential E;;, is the potential drop
across an electrochemical cell necessary to drive the reaction while providing heat to maintain a
constant temperature, and is determined relative to the change in enthalpy for the system AH

[J mol!] instead of AG.

AH(T, P)

Eq. 1-5

Under standard conditions (7T° = 298 K and P° = 1 atm), the change in enthalpy is AH° =
285.84 kI mol!, and the Gibb’s free energy of electrochemical water splitting is AG°® =
237.22 kJ mol!, making the reaction strongly endothermic and therefore non-spontaneous.!!
Consequently, at these conditions the reversible potential is E,.,° = 1.2293 V and the thermo-
neutral voltage is E;;,° = 1.4813 V. The ideal potential of the electrolyzer is sensitive to the
temperature and pressure, and electrolysis under non-standard conditions can be described through

the Nernst equation:

1/2
RT Py PO
Enernst = Erev(T: P) + ﬁln <# Eq. I-6

Py,o
where R is the ideal gas constant [8.314 ] mol™! K'!], T is the temperature [K], and Py,, Py,, and
Py, ¢ are the partial pressures of hydrogen, oxygen, and water at the reaction sites [-], respectively.
Py, 0 is only applicable if electrolysis uses water in its vapor form and therefore at temperatures

above 100 °C, otherwise Py, = 1. In practice, the operating potential of a water electrolyzer E .,
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is considerably larger than the ideal potential due to overpotentials. There are three sources of

overpotentials: (1) ohmic 1,pm [V], (2) kinetic 1y, [V], and (3) mass transport 1,,¢ [V].

Eceti = Enernst + Nohm + Mkin + Mt Eq. 1-7

Each overpotential contribution dominates cell overpotentials at different currents for the
electrolyzer, which can be visualized through a polarization curve (Fig. 1-2). Specifically, at low
currents kinetic overpotentials are dominant and manifest as a logarithmic increase, while at high
currents mass transport overpotentials dominate and manifest as an exponential increase leading
to cell failure. At currents in between kinetic and mass transport dominated potentials, ohmic
overpotentials dominate as a linear contribution which is comprised of the ionic resistance of the
PEM, the total electronic resistance of each cell component between electrodes, and the interfacial

resistances between each layer of the electrolyzer. '

Nohm = IRonm Eq. 1-8

where i is the current density of the electrolyzer [A cm™] and R,y is the total ohmic resistance
of the electrolyzer [Q cm?] from the previously mentioned sources of electronic resistance. Kinetic
overpotential (also known as activation overpotentials) is the necessary activation potential for
splitting water molecules, which is significantly higher for the OER at the anode due to its slower
reaction kinetics in comparison to the HER at the cathode.!? Mass transport overpotentials occur
due to the gas-liquid phase boundary between the reactant water and product gas. Inefficient
gaseous product removal from the CL prevents reactant water from reaching the electrodes,

leading to exponential increases in overpotential with the applied current density. %!
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Mass transport losses (N, , (

Ecell (V)

E Nernst
E rev

i (mA cm™) i

Fig. 1-2: A sample polarization curve with labeled loss contributions. Activation losses are
dominant at low current densities, ohmic losses scale linearly with the current density relative to
the ohmic resistance of the cell, and mass transport losses are dominant at high current densities

that commonly drive cell failure at the limiting current density iy,, and potential E jj,.

The commercialization of water electrolysis is dependent on minimizing each source of
overpotential, requiring in depth knowledge of not only the materials employed, but also the
complex physics that occur within water electrolyzers. PEMs in particular are the key component
of these devices that have seen continuous use since their development before the 1950s;!%!
however, mass transport within the PEM (particularly the inter-relation between proton and water
transport) remains poorly understood. Understanding mass transport phenomena within the PEM

is vital for optimizing water electrolysis, and therefore fulfillment of the hydrogen economy.
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1.2 Objectives

Studies investigating mass transport associated with PEM water splitting have primarily focused
on the two-phase transport of gas and liquid within the PTLs.!®2° Although these works have
highlighted the importance of water management on cell performance, transport phenomena within
another core component of electrolyzers, the PEM, have often been overlooked to investigate PTLs
instead. For example, Arbabi et al. evaluates the feasibility of integrating microfluidics as
platforms for characterizing porous gas diffusion layers in electrolyzers.?! However, while PTLs
play an instrumental role in promoting PEM hydration, the mechanisms that drive proton transport
through a PEM also have potential for investigation through microfluidic chips.?? Particularly,
there is much to be gained through the combination of PEMs in microfluidics with techniques that

have yet to be implemented in the field, such as operando infrared (IR) spectroscopy.

The objectives of this thesis are to characterize the hydration in the PEM of a working water
electrolyzer. This will be realized by fabricating microfluidic PEM electrolyzer and then
characterizing transport through the PEM via transmission IR techniques. These objectives have

been fulfilled through the following goals:

e Develop a semi-transparent microfluidic chip in the IR spectral range, and then quantify

heat and mass transport within the chip for an acid-base reaction

e Fabricate a microfluidic PEM electrolyzer that is semi-transparent in the IR spectral range,
then characterize its membrane hydration via operando IR spectroscopic imaging under

different failure conditions

e Determine contributions from ohmic, kinetic, and mass transport losses through novel (IR
spectroscopic imaging) and commonly used (electrochemical impedance spectroscopy and
distribution of relaxation times) characterization techniques in the field, and then evaluate

correlations between loss mechanisms and IR imaging data

The key contribution of this thesis enables the characterization of PEMs through a technique that
has yet to be utilized in the field, enabling the elucidation of mass transport mechanisms through

the PEM that remain poorly understood.
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1.3 Contributions

A list of first authored contributions directly based on the work presented in this thesis is presented

below.

e Krause, K., Palka, C., Garcia, M., Erriguible, A., Glockner, S., Pradére, C., Chevalier, S.,
(2022) “Heat and mass transfer visualization of an exothermic acid-base microfluidic

reactor using infrared thermo-spectroscopy” (In preparation) (Chapter 3)

e Krause, K., Garcia, M., Michau, D., Clisson, G., Billinghurst, B., Battaglia, JL., Chevalier,
S., (2023) “Probing membrane hydration in microfluidic polymer electrolyte membrane
electrolyzers via operando synchrotron Fourier transform infrared spectroscopy” Lab on a

Chip, 23, 18, 4002-4009 (Chapter 5)

e Krause, K., Créte Lawrence, A., Michau, D., Battaglia, JL., Chevalier, S. (2023)
“Investigating inter-electrode water diffusion in a microfluidic polymer electrolyte
membrane electrolyzer via operando infrared spectroscopic imaging” (In preparation)

(Chapter 6)

Each of these studies would not have been achieved without the collaboration from the co-authors.
The following list summarizes the contributions from each co-author in the aforementioned

studies:

Ms. Garcia (PhD candidate) is a co-author for the publication and manuscript in preparation based
on Chapter 3 and Chapter 5. She participated in the development of the experiments, the

experimental data collection, and the discussion of the results.

Mr. Palka (PhD candidate) performed the modelling work presented in Section 3.3 under the
supervision of Dr. Erriguible (Associate Professor from the Institut Polytechnique de Bordeaux),
and Dr. Glockner (Research Engineer with HDR from the Institut Polytechnique de Bordeaux),

and they are all co-authors for the manuscript in preparation based on Chapter 3.
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Dr. Michau (collaborator from the Institut de Chimie de la Matiére Condenséé de Bordeaux) is a
co-author for the publication and manuscript in preparation based on Chapter 5 and Chapter 6. He

participated in the fabrication of the microfluidic chips by performing the electrode depositions.

Mr. Clisson (collaborator from Solvay) is a co-author for the publication based on Chapter 5. He

participated in the fabrication of the microfluidic chips.

Dr. Billinghurst (collaborator from the Canadian Light Source) is a co-author for the publication
based on Chapter 5. He participated in the experimental data collection and the discussion of

results.

Ms. Créte Lawrence (former student intern from the University of Toronto) is a co-author for the
publication based on Chapter 6. She participated in the development of the experiment, the

experimental data collection, and the discussion of the results.

In addition to the works presented above, I have also made contributions to the following work by

a peer from the same lab.

e Chassain, C., Kusiak, A., Krause, K., Garcia, M., Battaglia, JL. (2023) “Bayesian
estimation of thermal properties using periodically pulsed photothermal radiometry: A
focus on interfacial thermal resistances between layers” physica status solidi (RRL)-Rapid

Research Letters, 17, 2, 2200328
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1.4 Organization of the thesis

This thesis is organized in eight chapters which are recommended to be read in order. Chapter 1
serves as an introductory chapter to describe the fundamentals of water electrolysis. The objectives
and contributions of this thesis are also presented. The remainder of this thesis is separated into

two main parts.

Part one of this thesis contains Chapter 2 and Chapter 3. This part is focused on the characterization
of simplified microfluidics via IR techniques and establishes the context necessary for part two of
this thesis. In Chapter 2, a brief background for microfluidics and their potential when coupled
with infrared techniques utilized in the subsequent chapter are presented. The working principles
and post-processing routines associated with each IR technique are also elaborated. Chapter 3 puts
the background presented in the previous chapter into practice, through the fabrication of a
microfluidic chip for the investigation of heat and mass transfer via infrared techniques.

Additionally, experimental and numerical results are presented and cross-validated.

Part two of this thesis contains Chapter 4, Chapter 5, and Chapter 6. This part is dedicated to
providing the necessary context for PEM water electrolysis, and then bridging the research gap
through the combination of PEM water electrolysis and transmission-based IR characterization. In
Chapter 4, a deeper background for polymer electrolyte membrane water electrolyzers is described
with a focus on transport phenomena within the PEM of water electrolyzers. Chapter 5 features
the fabrication and characterization of water hydration in an operating microfluidic PEM water
electrolyzer with transmission IR techniques. Chapter 6 refines the work presented in the previous
chapter by improving upon and implementing additional characterization techniques for

elucidating mass transport in the PEM of an operating electrolyzer.

Chapter 7 summarizes the research contributions from the work presented in this thesis. Chapter 8

concludes this thesis with recommendations for future work.
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Part I. Microfluidic characterization with

infrared spectroscopic imaging
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2 Background for microfluidics and infrared characterization

In this chapter, laminar microfluidics are introduced as a platform for the characterization of heat
and mass transfer through IR imaging techniques. The potential for characterization of semi-
transparent microfluidics via infrared (IR) based techniques is introduced, and then relevant IR
techniques are detailed. Specifically, the working principles and relevant processing techniques
for both Fourier transform infrared (FTIR) spectroscopy and IR thermography are discussed. These
techniques will be used in the study presented in the following chapter to characterize heat and

mass transport in a microfluidic chemical reactor.

2.1 Microfluidics

The development of laminar microfluidics has revolutionized the modern laboratory toolkit,
enabling rapid fabrication and testing of experimental conditions under well controlled
conditions.?*?* Microfluidics are particularly attractive due to the low unit cost for mass
reproduction, ease of parallel processing, reduced volume of necessary sample reagents, reduced
volume of waste, flexibility of fabrication techniques, and much more.?> Moreover, when
controlled through precise instruments, physical and chemical processes within microfluidic chips
can be evaluated at the micro-scale. As a result, the popularity of microfluidics in research has
grown exponentially, with these devices being widely adopted in research towards a variety of
applications, such as the analysis of biological cells, food safety, nanoparticle preparation, and
more.?>?® The development of models for the assessment of these devices can complement
microfluidics used for all of these applications. However, the refinement of these models is
dependent on improving characterization methods for understanding the relevant physical and

chemical processes in these devices.

A significant advantage in microfluidic devices lies in their ease of parameter control, such as
fluidic regimes and heat. When the effects of parameter control are combined with ex situ
characterization techniques, such as gas chromatography, liquid chromatography, mass
spectroscopy, etc., the effects of various experimental parameters on the physical and chemical
processes within microfluidics can be more easily interpreted. Additionally, recent advances in

technology surrounding laboratory instrumentation (e.g. detectors and sources) and data
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processing have advanced the quality of obtained information closer to theoretical limits.?® As
stated in the work by Perro et al., one issue of significance is the characterization of microfluidics
through the use of modern tools, with the most promising being spectroscopic imaging.*°
Specifically, as the wavelengths for some microspectroscopy techniques and microfluidics share
micro-scale characteristic lengths, coupling these together could provide new perspectives to
relevant fields. For example, the experimental characterization of key physical phenomena within
microfluidic chips, such as heat and mass transfer via IR techniques, is particular interest for
developing and validating computational models.*! In the following section, a brief overview of

their characterization and the relevant techniques for Part I of this thesis is discussed.

2.2 Infrared characterization and material selection

IR techniques utilize wavelengths on the micro-scale, typically between 780 nm and 50 um
(wavenumbers between 12800 cm™ and 200 cm’!, respectively). IR light in this range corresponds
to the vibrational energies of many molecule groups or dipole moments of the molecule change,
which can be visualized through the absorption of IR photons.*® Considering an IR spectrum from
analysis, the bands observed on the spectrum can be characterized by their vibrational wavenumber
or wavelength — relative to the specific molecule group or transition energy, or by their intensity —

relative to the magnitude of change in bond dipole moments.*

Fabricating a microfluidic chip for characterization through IR techniques is accompanied by a
complex set of limitations that must be considered, such as a material’s transparency in the IR
spectral range. Materials that are transparent in the near-IR range may not be transparent in the
mid- or far-IR range. For example, sapphire is transparent in the visible range up to wavelengths
in the mid-IR spectrum, while silicon attenuates visible light and is only transparent for a portion
of the near-IR and all of the mid-IR spectral range, as shown in Fig. 2-1.° In addition to the
materials that the microfluidic chip is comprised of, the investigated samples within the
microfluidic chip (e.g. chemical reagents) must be semi-transparent. Specifically, as a completely
transparent sample or a sample that completely attenuates the beam would not provide information
that could be interpreted. Given the low penetrative power of light in the IR spectrum when using
transmission based techniques, penetrative lengths for samples containing water is often restricted

to scales less than 100 um. However, the low characteristic lengths can be mitigated by coupling
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transmission IR techniques with microfluidics designed to have channel thicknesses within this
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Fig. 2-1: Reproduced figure from Perro et al. featuring a guide for FTIR analysis in microfluidic

reactors. The chart represents the transparent domain of materials and the major region of some

conventional spectra of bond stretching.>°

In addition to the transparency of the materials and samples, other properties that must be

considered when fabricating a microfluidic chip include the chemical compatibility of the

materials for investigating chemical interactions that use corrosive solutions, or the rate of thermal

diffusion for studies that investigate heat transfer. While silicon is an outstanding material in terms

of IR transparency, it diffuses heat extremely quickly. Therefore, heat transfer investigations using

silicon materials must utilize instruments that are capable of correspondingly high temporal

resolutions.**** Similarly, zinc selenide (ZnSe) is known to have a remarkably wide transmission
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wavelength range in IR, but reacts with acids to form the toxic hydrogen selenide gas. In addition
to the experimental characteristics, fabrication techniques, such as the bonding between materials
via plasma treatment, must be considered, as a material like sapphire is inert for common plasma
treatment techniques.’> Upon proper material selection for microfluidic chip fabrication, IR
techniques can then be used to characterize physical and chemical phenomena within microfluidic

chips.

Following material selection and the subsequent fabrication of the microfluidic chip, IR
spectroscopy can be used to investigate physical or chemical processes that occur within the chip.
The most common IR spectroscopy technique that utilizes IR light to produce IR spectra will be
detailed in the following section as a method to investigate mass transfer. Subsequently, the
associated processing routine for images acquired with this spectroscopic technique will be
discussed. Heat transfer can also be characterized with IR-based techniques through the use of
thermography, for which the working principles and relevant processing techniques will be

introduced following IR spectroscopy.

2.2.1 Fourier transform infrared spectroscopy

2.2.1.1 Working principles of Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy can be used acquire IR spectra for the investigation of
mass transfer in microfluidic reactors. The majority of IR testing is now through FTIR
spectrometry, as the technique provides improved signal-to-noise ratios, accuracies, spatial
resolutions, and temporal resolutions in comparison to classic IR techniques.*® FTIR spectroscopy
is performed through the use of a Michelson interferometer, which is shown in Fig. 2-2. Inside the
FTIR spectrometer, a polychromatic IR source produces an IR beam that is collimated. The
collimated beam traverses through a beam splitter, which splits the beam into two. One of the split
beams is directed towards a stationary mirror while the other split beam is directed to a moving
mirror. The reflected beams interfere with each other and recombine at the beam splitter. The
interference characteristics of the recombined beam are dependent on the light source, mirror
orientation, and mirror positioning. Subsequently, a portion of the recombined beam is then

directed out of the spectrometer through the shutter. The IR beam can then be converted into an
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IR spectrum spanning the full wavelength range of the polychromatic source through a Fourier

transform.

Michelson Interferometer
inside FTIR spectrometer

Mirror

Moving

Collimator mirror

Laser

Polychromatic
IR source

Beam
splitter
Travel path

Shutter

Fig. 2-2: Schematic of a Michelson interferometer used to perform FTIR spectroscopy. A
polychromatic IR source produces an IR beam, which passes through a collimator. The collimated
beam is split into two, where one beam is reflected by a stationary mirror and the other is reflected
by a moving mirror. The two beams traverse back through the beam splitter where a portion of the

beam will recombine, causing interference in the beam waves, and exit the shutter.
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2.2.1.2 Image processing

The multispectral signal produced by a FTIR spectrometer is an interferogram, which needs to be
processed to obtain an IR spectrum. With an appropriate camera or imaging setup, a FTIR
spectrometer is capable of producing images, which are two-dimensional (2D) fields. Each pixel
that an image produced by a FTIR spectroscopy is comprised of can be interpreted as an
interferogram, as shown in Fig. 2-3a and Fig. 2-3b. Acquired images from FTIR spectroscopic

imaging can be summarized through the following equation,
Iiot = Ipc + Iac(x,y,6) Eq. 2-1

where I;,; is the complete image, I is the continuous component from the spectrometer light
source, and I,c is the modulated component from the Michelson interferometer. A sample
corresponding interferogram from a FTIR spectrometer is shown in Fig. 2-3a, which can be
processed through a fast Fourier transform (FFT) based on the Mertz method to produce an IR
spectrum (Fig. 2-3b).>” However, the resulting signal can suffer from fringe interference from the
light interaction through the sample. Another Fourier transform can be applied to the spectrum to
visualize the fringe interference, which can be selectively removed through applying a low pass
filter on the window shown by the dotted line in Fig. 2-3c. The IR spectrum is then reconstructed
with the low pass filter applied to produce the cleaned IR spectrum shown in Fig. 2-3d. In an

image, this process is applied to obtain and clean the IR spectrum for each of its pixels.
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Fig. 2-3: The image processing routine for (a) a sample image captured by a FTIR spectrometer
of a microfluidic T-channel cell. The spectrometer produces an (b) interferogram, which is
converted into (c) an IR spectrum through a FFT based on the Mertz method.’” The IR spectrum
suffers from fringe interference artifacts, for which a second FFT is applied to visualize (d) the
frequency range that the artifacts occur for. This range is filtered for the wavenumbers in the filter
window shown in (d) as indicated with the dotted line. After applying the filter, the (e) cleaned IR

spectrum is produced.
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2.2.2 Infrared thermography

2.2.2.1 Working principles

Infrared thermography is used to capture images of a source that radiates electromagnetic waves,
from which the temperature of the source can be determined. Other common techniques or tools
for measuring temperature are often invasive techniques — requiring contact with the sample —
which affects the temperature of that sample. Thermography circumvents these issues as it is a
contactless and non-invasive technique, consequently enabling the temperature characterization of
samples at a distance without affecting them. In another facet, when compared to other radiative
imaging techniques (e.g. X-ray- and neutron-based), the radiation emitted from thermography is
safe for the user and can therefore be utilized for extended periods of time without health hazards.
These advantages make thermography an effective tool for a wide range of applications.***!
However, infrared thermography is not a perfect technique, as it is highly dependent on the
following working conditions of the setting that must be accounted for: temperature, airflow, and

humidity. Additionally, achieving high spatial and temporal resolutions with thermography is

accompanied by expensive price tags.

2.2.2.2 Thermal image processing

Images captured through thermography are assigned colors pertaining to the intensity of emitted
radiation from the sources in the image. Consequently, the unit of pixels within thermal images
are unitless [-] and expressed as the digital level (DL). The thermal radiation emitted from a sample

(€Esample) can be isolated as the difference in DL between the DC component from the camera’s

sensor (€p¢) and the proper emission in the captured image (€;mqge)-

€pLsampte(X,Y) = €pLimage(X,Y) — €prpc(X,y) Eq. 2-2

Then a thermal calibration can be performed to quantify the relation between temperature and
DL.** The DC component from the camera’s sensor (€ [-]) can be determined by acquiring a
background image that blocks external signals from the sensor. This can be achieved by blocking
the sensor with a material that completely attenuates IR light (for example a material covered with

a suitable black paint).
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When an IR camera is coupled with a FTIR spectrometer, the captured images contain information
from both techniques and can be summarized through the following equation that combines Eg.

2-1 and Eq. 2-2.
Itot = GDL,image(xi Y) + IDC + IAC(xJ Y 6) Eq 2-3

The thermal component (€;mqge) can be isolated by blocking the IR beam from the FTIR

spectrometer by a material that completely attenuates IR light. Once the DC component from the

camera’s sensor (€p¢) is measured, and Eq. 2-2 can be used to determine the thermal field of the

sample (esample)~

Thus, with the combination of an IR camera and a FTIR spectrometer, the mass and heat transport
within a sample can be determined through measuring its IR spectra and thermal fields. To
summarize, the IR spectrum can be determined from I, by first removing the thermal component,
and then by using the image processing method described in Section 2.2.1.2 (also shown in Fig.

2-3). The thermal component of the sample (€s4mpie) can be determined through the difference of

the proper emission in the captured image (€;mqg4¢) and the DC component of the camera’s sensor

(€pc)-

2.3 Chapter summary

In this chapter, a brief overview of microfluidics was discussed. Next, the potential for
characterization of mass and heat transfer within these devices through IR spectroscopic and
thermography techniques was presented. When fabricating a microfluidic chip for IR
characterization, considerations for several parameters such as optical transparency, chemical
compatibility, and ease of fabrication were discussed. Then, the working principles and image
processing routines for these techniques were each detailed, with the relevant image processing
equations. The following chapter will be dedicated to the application of these techniques through
a semi-transparent to IR light microfluidic reactor. Specifically, mass transfer between two acid-
base reactions in this microfluidic chip will be investigated through FTIR spectroscopy, and then
the exothermic heat generated from these reactions will be experimentally quantified through IR

thermography.
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3 Heat and mass transfer visualization of an exothermic acid-
base microfluidic reactor wusing infrared thermo-
spectroscopy

3.1 Introduction

In this chapter, a microfluidic reactor was developed for visualization via operando infrared (IR)
thermo-spectroscopy. The microfluidic reactor is semi-transparent in the mid-wave IR (MWIR)
spectrum with a thin channel height that allows for the characterization of chemical species diluted
with water, which strongly attenuates IR light. The experimental IR thermo-spectroscopy setup
was achieved by coupling a Fourier transform infrared (FTIR) spectrometer with a MWIR camera.
This experimental setup was used to characterize heat and mass transport of an exothermic acid-
base reaction within the microfluidic reactor. The obtained experimental results were cross-
validated to an advection-diffusion model, which was developed in collaboration with the SIMFI
group at 12M using the in-house Notus computational fluid dynamics (CFD) software.* The
fabrication techniques and experimental setup used here acted as an important intermediate step
towards achieving transmission-based IR characterization in microfluidic polymer electrolyte

membrane water electrolyzers via IR techniques.

3.2 Methods

3.2.1 Transparent microfluidic reactor

The materials and design of the microfluidic reactor were selected and optimized for optical
transparency in the MWIR spectrum, and to reduce the effective path length of the incident IR
beam. The reactor features two sapphire wafers with a polydimethylsiloxane (PDMS) gasket
inserted between them (Fig. 3-1). Each sapphire wafer (Siegert Wafers) has a diameter of 50.8 mm
(2”) and a thickness of 250 um. The sapphire wafers and the PDMS gasket each have two 4 mm
diameter holes removed, which were spaced 36 mm apart for alignment. The top sapphire wafer
has additional 2 mm diameter holes removed for the inlets and outlet. The PDMS gasket (PF-XO,
Gel-Pak) is a commercially available 40 pm thick film. The PDMS gasket was cut to the same
diameter of the wafers and a T-shaped channel was removed via a plotter cutter (Graphtec). The

mixing channel of the removed T-shaped pattern featured dimensions of 1.125 mm in width,
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40 pm in height, and 30 mm in length. PDMS blocks with holes punched through them were

prepared to serve as tubing inlet and outlet connectors.

PDMS block
(tubing connector)

Sapphire (250 pm)

PDMS gasket (40 pm)

Sapphire (250 ym)

Fig. 3-1: Schematic of each component that the microfluidic reactor is comprised of.

The microfluidic chip was assembled by first positioning the alignment holes of the PDMS gasket
to those of the bottom sapphire wafer in an isopropanol (IPA) bath. The IPA bath was used in the
alignment step to reduce the friction between layers and because IPA could be easily removed later
through evaporation. Once aligned, these components were inserted into a vacuum chamber, which
was used for 30 min to adhere these layers together by evaporating any remaining IPA and
removing any gas between the layers. Upon removal from the vacuum chamber, the half-built chip
was inserted into an oven set to 65 °C for 1 h. Next, the top sapphire wafer was adhered to the
assembly through the same process. Finally, the PDMS blocks were aligned to the holes and
pressed onto the top sapphire wafer. Epoxy was used to irreversibly bond the PDMS blocks to the
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sapphire wafer, then the microfluidic chip was left in the same oven set to 65 °C overnight for

completion.

3.2.2 Experimental conditions

The microfluidic chip was used to investigate two exothermic acid-base mixing reactions for this
study. The first reaction (Eq. 3-1) was between hydrochloric acid (HCl) and sodium hydroxide
(NaOH) to form sodium chloride (NaCl), and the second reaction (Eg. 3-2) was between sulfuric
acid (H2SO4) and NaOH to form sodium sulfate (Na>;SOs).

HCI + NaOH = NaCl + H,0 Eq. 3-1
stO4 + 2NaOH = Nast4 + 2H20 Eq 3-2

Prior to the imaging experiment, pre-mixed salt solutions of of 1.0 mol L"! NaCl and 0.5 mol L"!
Na>SO4 were prepared and saved for an imaging calibration step later. These solutions were
prepared by mixing 2.0 mol L' HCI solution (Titripur, Sigma Aldrich) with 2.0 mol L NaOH
(Titripur, Sigma Aldrich) to produce 1.0 mol L' NaCl, and by mixing 1.0 mol L' H,SO4 with
2.0 mol L' NaOH to produce 0.5 mol L' Na,SO4. The concentrations of the salt products are half
of those shown by their respective molar coefficients in Eg. 3-1 and Eq. 3-2. For example, if the
same volume of acid and base reactants are combined (e.g. 100 mL of each), the total number of
moles of the produced salt solution would remain as shown in the above equations. While the
number of moles remains the same as above, the total volume of the salt solution would be doubled

(e.g. 200 mL), and therefore its concentration halved.

In the literature, the change between mass diffusivity and thermal diffusivity of each chemical
species presented in this study varies by two orders of magnitude.*** Consequently, the mixing
channel flow rate was varied over two orders of magnitude for each chemical reaction (7ab. 3-1)
such that the rates of mass and thermal diffusion could be compared between these flow rates. The
flow rates prescribed in Tab. 3-1 were for the mixing channel, and to achieve these flow rates,

reactants were delivered to the microfluidic chip at half of the flow rates shown.
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Tab. 3-1: Experimental flow rates and channel velocities of reactants in the mixing channel for

each chemical reaction.

Flow rate in mixing channel | Velocity in main channel
q v
(uL min!) (mm s!)
3.0 1.1
30.0 11.1
300.0 111.1

3.2.3 Imaging setup

Two configurations of the experimental setup were used to image heat and mass transport in the
microfluidic reactor during operation. The first configuration used the IR beam produced by the
FTIR spectrometer (Fig. 3-2a) and the second configuration was in absence of the beam to capture
the proper emission of the sample (Fig. 3-2b). The FTIR spectrometer (ThermoFisher Scientific
Nicolet iS50) produced a collimated beam for investigating the multispectral absorbance of each
species in the microfluidic reactor across wavelengths from 2.5 um to 25 um (or wavenumbers of
4000 cm™! to 400 cm™!, respectively). A mirror was used to redirect the beam to the microfluidic
chip. The beam was attenuated by the microfluidic chip, and was then captured by a MWIR camera
(FLIR SC7000 InSb mid-IR). The images captured by the IR camera were comprised of two
components: (1) the signal from the captured IR beam and (2) the proper emission of the sample.
The signal from the captured IR beam was used to produce an image containing interferograms at
each pixel. The interferograms were processed through a Fourier transform to obtain the multi-
spectral IR images. This experimental setup coupled with the microfluidic chip enabled the
visualization of the spectral range between 3 um and 5 um wavelengths (or 3333 cm™ and
2000 cm™' wavenumbers, respectively) and was used to capture images of the chemical reactions
presented Eg. 3-1 and Eq. 3-2 during steady-state. The proper emission of the sample was captured
by the IR camera to quantify the heat generated at the interface of the exothermic reactions. During

experiments and image acquisition, the temperature of the chip was monitored through a custom
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designed copper thermistor (Captec, model shown in Appendix A). The thermistor was designed
to have the same diameter as the microfluidic reactor and was directly inserted underneath the

microfluidic chip on the stage.

(a) IR

Camera
Syringe - Attenuated IR
Pump > T~ beam +sample
- TN proper emission
Stage
Incident Temperature
IR beam Controller
FTIR Spectrometer || i
|
sv R 00

(b) R

Camera
Syringe . Sample
Pump 72N proper emission
| 7 ™
—
Stage \
Temperature
Controller
FTIR Spectrometer I .y
svB0.00

Fig. 3-2: The (a) IR spectroscopy and (b) IR thermography experimental setups for the
visualization of heat and mass transfer produced by the exothermic chemical reactions in the

microfluidic reactor. The IR thermography setup captures the proper emission of the microfluidic

reactor in absence of the IR beam.
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3.2.4 Image processing for concentration fields

For the first imaging configuration with the IR beam on, four sets of three images were captured
per experimental condition shown in 7ab. 3-1. First, HCI was supplied to the mixing channel
through both inlets at the lowest experimental flow rate. After flowing for 5 min, three images of
1300 frames were acquired with an integration time of 750 us and a framerate of 150 Hz. This
process was repeated to acquire images at each experimental flow rate and for each chemical
species (HCl, H2SO4, NaOH, NaCl, and Na>SOs) at the respective concentration prescribed in
Section 3.2.2. Next, the same process was repeated to acquire images of each reaction (E£q. 3-1 and
Eq. 3-2) and at each experimental flow rate. These images were used to determine the multispectral
absorbance field through the Beer-Lambert Law, shown below.

Eq. 3-3

A(x,y,2) = —log(I'(x,y,4)) = —log ( I(x,y,2) )

Io(x:}’:/l)

where A is the multispectral absorbance field, I" is the multispectral transmittance field, I is the
sample image, and I is the reference image. The multispectral absorptivity coefficients were then
determined for HCI, H>SO4, NaOH, NaCl, and Na,SO4 over a cropped wavelength range (3.79 um

to 4.16 um), where each chemical species has a unique absorbance signature:
AxY,D = ) w6y, DY) Eq. 3-4
i

where u; [L mol'] is the multispectral absorptivity coefficient for chemical species i and C;
[mol L] is the concentration field for the respective chemical species. Images with the channel
filled completely with each chemical species were acquired for calibrating their respective

multispectral absorptivity coefficients.

The multispectral absorptivity coefficient (u) was then determined for each chemical species
through Eq. 3-4 by using the previously acquired calibration images of each chemical solution.
The multispectral absorptivity coefficients of each chemical species could then be used in
combination with acquired images of the multispectral absorbance fields (A) to derive
concentration fields (C) of each chemical species. Next, the law of mass conservation (as shown
in Eq. 3-5 and Egq. 3-6 for Eq. 3-1 and Eq. 3-2, respectively) was considered for any pixel area of

the mixing channel for the respective chemical reaction.
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Co=Crci+ Cnaon + 2Cnact = 2 mol L1 Egq. 3-5
Co = 2Cy,s0, + Cnaon + 4Chays50, = 2 mol L1 Egq. 3-6

where C, [mol L] is the total concentration of chemicals for any pixel area in the channels. Eq.
3-4 and Eq. 3-5/Eq. 3-6 were then combined by substituting the acid concentration term (Cy; and
Ch,s0,) and rewritten into matrix form to consider the multispectral aspect of the images as shown

in Eq. 3-7/Eq. 3-8, respectively, which could then be simplified to Eq. 3-9.

1 2 | | 2
A" — F‘HCICO HNaon — Muct  MNact — zﬂﬂlcl (C NaOH)
= : : : Eq. 3-7
1 A A A Cract
AN — I‘HCICO Mnaon — Buct  Mact — ZMHCI ¢
241 — ”H2504C
2AM — FHZSO4CO
Eq. 3-8
2 Ao 2t
~ ”NaOH . ”sto4 HNa,s0, : Hy,s0, | ( Chaon )
- . . ZC
| 2 | NayS0
zﬂNaOH FHZSQ; ”NNa2504 2”11’2304 ot
A=uC Eq. 3-9

Finally, Eq. 3-9 could be rearranged such that the concentrations of the base reactant and the salt

product could be determined from the images at any pixel through the least squares inverse method.
C=[uTul1u’A Eq. 3-10

With the concentration fields of the base and salt species known, the concentration field of the acid
species can then be determined back through Eq. 3-4. Thus, the concentration field for each

chemical species was acquired through processing the multispectral absorbance images.
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3.2.5 Differences in concentration field processing for each reaction

The image processing routine in the previous section differs depending on the chemical reaction
of interest. Here, the general case for the acidic solutions denoted as a (for HCl and H2SO4), the
basic solution denoted as b (for NaOH), and product salt solutions denoted as ¢ (for NaCl and
NaxSO4) will be considered to simplify the explanation for each chemical reaction. Each image
with the channel filled with one solution (/,, I, and I.) was processed through the modified
version of Eg. 3-3 as shown below, each with reference to I, as the background image (denoted as
Lo (b g) below) to obtain the multispectral absorbance field of each chemical species with reference

to the to the acid species.

Aga(x,y,4) = —log L.y 4) Eq. 3-11
o/ Loprgy(x, ¥, 4)
Ib(xi Y A)
A ) IA' = _l L J-
b/a(x,¥,4) og (,a(bkg) Gy D Eq. 3-12
I.(x,y,4) >
Ao u(x,y,4) = —1lo Eq. 3-13
al%.3,4) g(’a(bkg)(xr y,4) 1

Absorbance fields were determined with reference to the acid reactant because the acid is used as
the substituted component in Eq. 3-7 and Eq. 3-8. These relative absorbance fields A(x, y, ) were
averaged in the x and y directions to acquire u for each solution as a function of wavelength
(A(A)). The multispectral attenuation coefficient 4 was determined with reference to the acidic
species as well for the wavelength range of 3.79 um to 4.16 um shown in Fig. 3-3. This wavelength
range was tested and found to distinguish the acid, base, and salt species the best for all investigated
wavelengths of both chemical reactions. However, while this was the best wavelength range for
distinguishing chemical species in the acquired wavelength ranges (3 pm to 5 um for the used
combination of experimental setup and microfluidic chip), the profiles are not necessarily ideal for
distinguishing acid and base species. Specifically, comparing the profile of the base species NaOH
to the acid species HCI (Fig. 3-3a) and H2SO4 (Fig. 3-3b), the profile relative to HCl is less uniform
(or linear) than the one relative to HoSO4, thus making it harder to distinguish NaOH from HCI
than H>SO4 for the inverse method.
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(a) Multispectral attenuation coefficient (b) Multispectral attenuation coefficient
of each chemical species from reaction 1 of each chemical species from reaction 2
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Fig. 3-3: The multispectral attenuation coefficient u obtained for all chemical species relative to

the acid reactant in (a) reaction 1 as described in Eq. 3-1 and (b) reaction 2 as described in Eq.

3-2 between the wavelengths of 3.79 um to 4.16 um. Since absorbance fields use acid images as

the background/reference images, u for the acid species is always 0 and the u for base and salt

species are in reference to the acid species.

The molar fraction coefficient of each chemical is significant to consider, as it directly affects C,,
which is used to determine the absorbance A. As a result, the molar fraction coefficients for each

chemical species are denoted as m,.,, for which the coefficient for each species is shown below.

Tab. 3-2: The molar fraction coefficients (m,.,) for use in Eq. 3-14 to Eq. 3-16. These values are

the molar coefficients shown in Eq. 3-5 and Eq. 3-6 for the respective chemical reaction.

mTX
Chemical species
Reaction 1 (Eq. 3-1)  Reaction 2 (Egq. 3-2)

Acid (a, Eq. 3-14) 1 2
Base (b, Eq. 3-15) 1 1

Product salt (c, Eq. 3-16) 2 4
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Subsequently, these images were processed through the rearranged form of Eg. 3-9 for the general
case of each acid species, the basic species, and each product salt species with reference to the

respective acid species.

Zla/a(l) _ Aa/a(xi Y, l)

Haa(2) = Eq. 3-14
a/a CO/ my, CO / my,
A,,.(D) Ay, (x,y, 2
tya(d) = b/a( ) _ b/a( y,4) Eq. 3-15
CO/mrx Co/mrx
A.,,(A) A, (xy 2
[lc/a(l) _ c/a( ) _ C/a( y ) Eq. 3.16

CO/mrx B Co/mrx

Next, the multispectral absorbance field of the reaction (A, /) from the reaction image I, with
reference to the acid background/reference image (Iqpkg)) Was processed through the Beer

Lambert Law modified from Eg. 3-3 as shown below.

Arx/a(xr Y A)=— log(

L,(x,y,4) ) Eq. 317

Lobrgy(x, ¥, 4)

Then, the resulting absorbance field with reference to the respective acidic species was cropped to
the same wavelength range as before and averaged over it (3.79 um to 4.16 pm). This wavelength
range is selected because the absorbance spectra of each chemical species (a, b, and c¢) can be best
distinguished in this wavelength range for the spectral range used in this experiment. Finally, the
concentration fields of each chemical species were determined from these absorbance spectra
through Eg. 3-10. However, the resulting concentration fields may contain concentration values
that were slightly offset due to minor differences in the environmental conditions between the
image acquisition times. To compensate, C, and C;, were linearized to the inlet channels, as
chemicals in those regions have known prescribed concentrations. Finally, C. was recomputed

from the linearized acid and base concentration fields through rearranging Eg. 3-5 and Eq. 3-6.

1
Cnact = 2 (Co — Chct — Cnaon) Eq. 3-18

1
Crayso, = Z(CO —2Cy,s0, — CNaOH) Eq. 3-19
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3.2.6 Temperature measurements

In the second configuration with the IR beam off, the proper emission of the acid-base reactor was
captured with the same MWIR camera. Before thermal image acquisition for each acid-base
reaction, calibration images were acquired to convert the units of images from digital level (DL)
[-] to temperature [°C]. Calibration images were acquired with the microfluidic chip on the stage
and with the copper thermistor placed directly underneath the reactor to mimic experimental
conditions (model shown in Appendix A). The thermistor was used for temperature measurement
and control of the microfluidic chip through a proportional-integral-derivative (PID) controller
(working principles of the PID described in Appendix A). For calibration images, the thermistor
was first set to a temperature of 26 °C such that the temperature was slightly higher than the
ambient temperature. A solution of 2.0 mol L' HCI was supplied to the reactor at 3 uL min™' and
2000 frames of images were acquired. This was repeated for each mixing channel flow rate shown
in Tab. 3-1. The temperature was then increased in 1 °C increments and additional images were
acquired for each mixing channel flow rate and temperature increment until a temperature of 30 °C
was achieved. This processes yielded a total of 15 image sets for temperature calibration using
HCI as the electrolyte (Fig. 3-4). Each image set T'(x,y, frame) was cropped to the mixing
channel and the DL was averaged in the x direction, y direction, and over all 2000 frames yielding
T. Given the small temperature range for this calibration and for experiments, a fit could be applied
to determine the relationship between DL and temperature. The profiles are shown in Fig. 3-4, and
appear to be linear, therefore a linear fit was used. The linear fit between the applied temperature
and the averaged DL was applied to calculate linear calibration coefficients a, and a,, for each

flow rate.

Toog = 22 Eq. 3-20

With these calibration coefficients known, the conversion of DL to temperature could be
performed for all thermal images. This process was repeated for all chemical species present in
either reaction at the prescribed concentrations. The thermal calibrations had negligible differences
between chemical species, therefore the image sets containing HCI were used for the conversion

of DL to temperature.
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Fig. 3-4: Temperature calibration measurements from 26 °C to 30 °C for HCI at the three

experimental flow rates.

After thermal calibration images were acquired and the calibration coefficients were determined,
thermal images of the chemical reactions were captured. For each chemical reaction, two sets of
2000 frames each — steady state reaction images (T, p,) and reference state images (T pr) —
were captured. Ty, p; images were captured for each chemical reaction and at each flow rate
presented in Tab. 3-1. Tyygp, images of room temperature thermal images where the mixing
channel was filled with the acid species of the respective chemical reaction were also acquired.
DL images were converted to temperature through Eg. 3-20, and the final temperature field (To;)

was determined as the difference between reaction images and the background images:
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Toc(x,y,frame) = Ty oc(x,y, frame) — Tyigoc(x,y, frame) + Trr Eq. 3-21

where Trr was the measured temperature from the copper thermistor that was acquired at the same
time as image sets Ty, oc. Since reaction image sets were assumed to be steady state in terms of

temperature, they were averaged in the x direction, y direction, and over all 2000 frames as well.
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3.3 Reactor model

The experimental results obtained in Section 3.2 were cross-validated with the advection-diffusion
model described in this section. This section will be dedicated to presenting the reactor model
developed by Cédric Palka under the supervision of Arnaud Erriguible, and Stéphane Glockner.
While the work presented in this section was not performed by the author of this thesis, it is
presented briefly here for understanding and cross validation with experimental results. Only the

chemical reaction between HCl and NaOH to produce NaCl was modelled (shown in Eq. 3-1).

A three-dimensional (3D) simulation was generated to model the heat and mass transfer in the
acid-base reactor. Three equations were considered to model the reaction. First, the incompressible

Navier-Stokes equation,

du
[p (EH"V“) =V-(uVu) - Vp Eq. 3-22
V-u=0

where p represents the density [kg m™], u represents the velocity field [m s'], and p represents
pressure [Pa]. As the acid and base solutions were diluted with water, the fluidic properties of

water were used unless specified otherwise (7ab. 3-3).

Tab. 3-3: Properties of the chemical solutions used in the model. Each chemical solution was

modelled with a solute expansion coefficient, ¢, of 0.4¥

Diffusion coefficient, Molar mass, Concentration

Solution D M C;
(m? s (kg mol ™) (mol L)

HCl 3.4-10° 3.6:102 2.0

NaOH 2.1-107 4.0-102 2.0

NaCl 2.1-10° 5.8:102 1.0
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The Navier-Stokes equation was computed with inlet flow rates that ranged over the conditions
shown in Tab. 3-1 and yielded a Reynolds number range of 0.077 to 7.72. Second, the energy

conservation equation,

aT
pC, (E + uVT) = V- (kVT) + Sy Eq. 3-23

where C,, represents the specific heat [J kg K], T represents temperature [K], k represents the
thermal conductivity [W m™ K™!], and Sy is the source term. The energy equation was computed
with an initial ambient temperature of T, = 300 K and an enthalpy of reaction of hyyc; = 56 -
103] mol~!. Third, the advection-diffusion equation, by considering Fick’s law for the diffusion
part, is described by,

i

at

+ uVC, =V- (DlVCl) + SCi E(] 3-24

where C; represents the concentration of species i [mol m™], D; represents the molecular diffusion

coefficient of species i [m?s™'], and Sc, 1s the source term. These three equations were coupled
through the flow velocity field and the source terms Sy and S¢,. The source terms can be expressed

as:
St = hyacikChciCnaon Eq. 3-25
Sc; = YiksCuciCnaon Eq. 3-26

where hy,; is the previously mentioned the enthalpy of reaction for the reaction presented here
[kJ mol'], y; represents the creation (+1) and consumption (-1) of chemical species i,and ks is the
reaction kinetics coefficient [m?mol!s']. A reaction kinetics coefficient of ky =
20 m3mol~1s~! was used in this model. Additional parameters for cell components and chemical

solutions used in the computational model are shown in 7ab. 3-3 and Tab. 3-4.

Tab. 3-4: The properties of liquid water and solid PDMS and sapphire that were used to generate
the model. The molar mass and dynamic viscosity were not utilized in the model for solid materials,

which are denoted with *.
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) Thermal
Molar Dynamic ' Specific Thermal .
) _ Density, o expansion
) mass, viscosity, heat, conductivity, )
Material p coefficient,
M Hyisc 3 Cp K
-1 -1 -1 (kg m ) -1 -1 a
(kgmol™")  (kgm's™T) Jkg' KM (Wm™ K™) K
Water 18107 1.0-107 1000 4185 0.61 2.06-10
PDMS* 965 1460 0.15 1-10*
Sapphire* 3.98 770 45 6-107

The proposed model was discretized and solved on a fixed Cartesian staggered grid through the
parallel framework of the Notus CFD code.** To ensure the lowest computation times, a mix of
implicit and explicit schemes were used depending on the Courant-Friedrichs-Lewy (CFL)
conditions associated with each term of the equations. The Navier-Stokes equations were
discretized with a second order implicit centered scheme for the non-linear and viscous stress
terms. A stationary solution could thus be achieved quickly. For this equation, velocity was
penalized to zero in the solid regions of the microfluidic chip (i.e. outside of the channels). Velocity
and pressure coupling under the constraint of incompressibility was solved with the Timmermans
time splitting method.*® The advection term of the energy equation was solved with a Lax-
Wendroff scheme with a Superbee flux-limiter,*’ as well as the advection term of the concentration
equations. The diffusion term of the energy equation was solved with a second order centered
implicit scheme whereas the terms for the concentration equations were solved with an explicit
scheme because of more favorable CFL conditions. To consider conduction outside of the channels
for the microfluidic chip, conductivity was geometrically interpolated at the interface between
liquid and solid regions. Finally, the massively parallel Hypre-solver-library was used to compute

the solutions of the linear systems of the Navier-Stokes and energy equations.>°

The 3D simulations were modelled considering the channel dimensions of the microfluidic chip
used in the experiments. The channel layer was sandwiched by two sapphire layers of 250 um

thickness to mimic the geometry of the experimental cell. The geometry of the model is presented
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in Fig. 3-5a, where the reactor features a plate length L of 30 mm, a plate width W of 10 mm, a
channel width [, of 1.125 mm, a total height H of 540 um, and channel height h of 40 um. The

boundary conditions for the “edges” of the model of any particular region are as shown in Fig.

3-5b.

L : total length of model = 30 mm
W : total width of model = 10 mm
lc : width of channel = 1.125 mm

H : total height of reactor = 540 ym
h : height of channel = 40 pm

(b) “Wall Top edge -Dirichlet i
Inlet 5 et pedg Right edge
-Wall
-Neumann
-Neumann
Left edge
“Wall Outlet
-Neumann -Neumann
-Neumann
Channel
boundaries
Inliet -Wall -Wall
-Dirichlet Bottom edge -Dirichlet -Neumann

Fig. 3-5: (a) Geometric diagram of the simulated reactor with the channel is shown in white,
PDMS insulation is shown in black, and sapphire support wafers are shown in grey. (b) The
associated boundary conditions for which the model is computed. Blue boundary conditions are
for the Navier-Stokes equation (Eq. 3-22), red boundary conditions are for the energy conservation
equation (Eq. 3-23), and black boundary conditions are for the advection-diffusion equation (Eq.
3-24).
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3.4 Results and discussion

3.4.1 Concentration fields and comparison with modelled results

The concentration fields and profiles for each chemical reaction and chemical species is shown for
the lowest flow rate in Fig. 3-6. For the first chemical reaction between HCI and NaOH, the
multispectral absorptivity coefficients (Fig. 3-3a) were more challenging for the inverse method
to distinguish, which resulted in more noise observed for both the concentration fields and profiles
shown in Fig. 3-6a—d. For the second chemical reaction between H>SO4 and NaOH, the
multispectral absorptivity coefficients had more distinguishable profiles (Fig. 3-3b), which yielded
clearer differences between the concentration fields and profiles shown in Fig. 3-6e — h. When
recalling the multispectral absorptivity coefficients from Fig. 3-3, the profile of u for the basic
solution NaOH (used for both reaction) is more linear for the second reaction when compared to
the first reaction. This is especially true at wavelengths closer to 4 um, which impacts the results
from the inverse method negatively. These behaviors will be described in more detail in a future
section comparing the experimental results to the modelled results, where under-compensations in
the HCIl concentration measurements are observed with overcompensations in NaOH

measurements.
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Fig. 3-6: The experimentally measured concentration fields for both the reaction between HCI and
NaOH (a-d) and the reaction between H>SO4 and NaOH. The concentration fields for the reactions
are shown for (a) HCI, (b) NaOH, (c) NaCl for the first reaction, and (e) H2SOy, (f) NaOH, and
(g) Na:SO4 cropped to the entrance of the mixing channel at a flow rate of 3 uL min™. The
corresponding molar concentration profiles of each species averaged over 10 columns centered
around the dashed line for (a) to (c) and (e) to (g) for (d) the first chemical reaction and (h) the

second chemical reaction, respectively.

The concentration of each chemical species in the simulation model was determined for the first
chemical reaction and for each flow rate to draw comparisons with experimental results. Since
numerical computations were not performed for the second chemical reaction shown in Eq. 3-2,
only comparisons of experimental and numerical results for the first chemical reaction between
HClI and NaOH to produce NaCl will be discussed. The numerical concentration fields and profiles

for the same conditions presented in Fig. 3-6a — d are shown in Fig. 3-7.
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Fig. 3-7: The numerical concentration fields of (a) HCI, (b) NaOH, and (c) NaCl cropped to the
entrance of the mixing channel at a flow rate of 3 uL min™ and (d) the corresponding molar
concentration profiles of each species averaged over 10 columns centered around the dashed line

shown in (a) to (c).

The experimental trends followed the trends shown in the model, but with increased noise for the
reactants. Although Cy,c; was determined after Cy; and Cyq0n, it Was the most accurate chemical
species when compared to the model, as shown in Fig. 3-8. This is because the profile of the
absorbance coefficient (u) for NaCl could be distinguished from those of HCI and NaOH.
Additionally, the absorbance profiles of HCl and NaOH were similar to each other in the working
wavelength range of the MWIR camera, making the distinction between these two chemical
species more challenging with the inverse method. These effects can be more clearly seen when
the experimental concentration fields were overlaid onto the simulated concentration fields, as
shown in Fig. 3-8. The regions where the processing method over-compensates can be observed
for the basic solution of NaOH around a y-position of [./2 in Fig. 3-8b, and a similar under-
compensation can be observed for the acid solution of HCl at the same position in Fig. 3-8a. These
over- and under-compensations did not affect the concentration distribution of the product salt
solution of NaCl shown in Fig. 3-8c. The comparison between these the two reactions through the
processing method shows the importance of selecting chemical species with clearly distinguishable

absorbance coefficients in the spectral range of interest.
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Fig. 3-8: The experimental concentration fields overlaid onto the simulated concentration fields

for (a) HCI, (b) NaOH, and (c) NaCl.

The concentration profiles of NaCl were compared for experimental and numerical results to
further evaluate the accuracy of the model. A comparison of the experimental and numerical Cy,¢;
results at each of the tested flow rates is shown in Fig. 3-9. The experimental concentration profiles
were nearly identical to the numerical results, which validated the model for reproducing mass
transport in the system. Moreover, the width of the diffusion cones in the experimental data were

consistent with the simulated results at any x- position and across all tested flow rates.

—
Q
=
O
=

Experimental salt concentration Numerical salt concentration

cNaCI 1

;

3 uL min 3 pL min”
= 0‘5
30 pL min” 30 pL min™
Y _ — 0
- — A —
3OOXpL min Tom 300 pL min Tmm [mol L]

Fig. 3-9: The concentration fields of NaCl for the (a) experimentally measured data and the (b)

numerical data at each of the tested flow rates.
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3.4.2 Thermal fields and comparison with modelled results

In addition to comparisons between the concentration fields, the experimental thermal field images
acquired as the proper emission of the sample were also processed and compared to the numerical
thermal fields. At flow rates of 3 uL min"' and 30 uL min', heat produced by the exothermic
reaction is at an order of magnitude that the camera was not sensitive enough to capture. However,
at 300 pL min’!, a noticeable variation in the thermal profile was observed at the inlet of the mixing
channel. The experimental and numerical thermal fields were then compared at this flow rate, and
are shown in Fig. 3-10. While these flow rates were initially chosen to compare the thermal
diffusion pattern to the mass diffusion “cones” in the previous section, the thermal field profiles
differed and did not resemble the conical shape observed for mass diffusion. This was attributed
to the materials that the microfluidic chip is comprised of, as these materials are impermeable to
mass transport, but not to heat transport. Sapphire in particular, which was used as the top and
bottom wafer material, has the highest thermal conductivity of materials used to build the
microfluidic chip.’! However, the second reaction between H2SO4 and NaOH to produce Na>SO4
has a greater enthalpy of formation of liquid under standard conditions (A¢H®jquiq) than that of the
first reaction (-1356.38 kJ mol™! for Na,SO4 compared to -385.92 kJ mol™! for NaCl), producing a
multiple of approximately 3.5 times more heat.’? Consequently, this increase in reaction enthalpy
produces temperatures in the chip that change the thermal profile observed in Fig. 3-10c, such that
the temperature of the electrolyte in the mixing channel increases as it flows through the chip. As
a result, the thermal distribution for the second reaction resembles that of a “cone” more than the

first reaction.
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Fig. 3-10: The thermal fields for the (a) experimental results of the first reaction, (b) numerical
results of the first reaction, and (c) experimental results of the second reaction at a flow rate of
300 uL min™ in °C. The thermal field in (b) was produced as an average of all slices (through the
plane of the image) computed from the simulation. A numerical simulation was not performed for

the second reaction.
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Thermal fields were not numerically modeled for the second chemical reaction shown in Egq. 3-2,
therefore the subsequent comparisons between experimental and numerical results will only focus
on the first chemical reaction between HCI and NaOH to produce NaCl (Eg. 3-1). The comparison
between experimental and numerical thermal fields revealed similar profiles in the mixing channel,
where the highest temperature for both images was measured at the inlet of the mixing channel at
the reaction interface. The temperature then slowly dissipated along the length of the channel and

away from the reaction interface.

Two main differences were observed between the experimental and modelled results. The first
difference was in the magnitude of temperature change within the mixing channel (Fig. 3-117), and

the second difference was in the temperature change outside of the channels.

For the first difference in the magnitude of temperature change within in the mixing channel,
temperature profiles for three rows centered on the reaction interface and at y-positions spaced
280 um away in both directions were compared for both datasets (dashed lines in Fig. 3-11).
Considering the experimental data, while the error bars are large, the temperature at the reaction
interface has error bars that do not overlap with those in the profiles spaced 280 um away in either
direction, showing a distinguishable increase in temperature at the reaction interface. Directly
comparing the same temperature range for experimental and simulated temperature profiles
showed that the reaction interface had the highest temperatures. The profiles spaced 280 pm away
in either direction had lower temperatures for both cases, but the discrepancy was significantly
less in the simulated data. Regardless, the modelled data reflects the experimental data to a certain

extent in this aspect.
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Fig. 3-11: The thermal profile at the reaction interface and for rows spaced 280 um away in both

directions for both the experimental and numerical data.

Regarding the second difference of temperature differences outside of the channels, the thermal
conductivity of materials used to build the microfluidic chip were investigated. The thermal
conductivity of PDMS and water are on the same order of magnitude (0.15W m™' K and
0.61 W m™ K'!, respectively);>*>** however, there is a stark contrast at the channel edges in the
experimental thermal field that was not observed in the simulated thermal field. The thermal field
from the simulated data was produced as an average of all slices, which does not necessarily reflect
the behavior of proper emission for semi-transparent media. However, this discussion point is out
of scope for the presented thesis and the study of thermo-transmittance in semi-transparent media
is a popular research topic that has yet to be completely understood. Further research on this topic

is under investigation by peers at I2M have researched.>>*

3.5 Chapter summary

In this chapter, a microfluidic reactor that is semi-transparent in IR light was developed and
characterized via operando IR thermo-spectroscopic imaging. The imaging setup was developed
to support two imaging configurations: FTIR spectroscopy and IR thermography. These imaging

techniques were used to visualize heat and mass transport for two chemical reactions at three flow
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rates. Additionally, a comprehensive 3D advection-diffusion model was developed to simulate
chemical and physical behavior in the acid-base reactor. Experimental results were then cross-
validated with the modelled results. The experimental setup used here was capable of capturing
the heat generated from the exothermic acid-base reactions through contactless methods. While
the heat produced from the exothermic reaction was less than 0.1 °C in the simulation, comparable
experimental results were produced. However, the temperature measurements shown here
approached the limits of detection for the combination of this specific experimental setup and
chemical reaction. While further optimization of the techniques presented here may be used to
pave the way towards achieving non-invasive methods for determining the enthalpy of reaction,
two changes are recommended: (1) the fabrication of a microfluidic chip with materials optimized
for heat transfer measurements, or (2) investigation using a chemical reaction that has a stronger
enthalpy of reaction than those presented. These changes to the experiment would likely allow for

more impactful measurements.

Nonetheless, the microfluidic chip and experimental setup presented in this chapter were
developed as a proof of concept to refine fabrication techniques for the development and
characterization of transport within a microfluidic polymer electrolyte membrane water
electrolyzer through similar techniques. Since thermal measurements presented in this chapter
faced limitations, the remainder of the work presented in this thesis will just be focused on mass
transfer measurements in microfluidic water electrolyzers and heat transfer measurements will not

be performed.



Part II. Implementing infrared spectroscopy
with polymer electrolyte membrane water

electrolysis
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4  Background for polymer electrolyte membrane water
electrolyzers

This chapter provides a background and review of previous works related to polymer electrolyte
membrane (PEM) water electrolyzers that are relevant to the scope of the remaining chapters for
this thesis. The key components that PEM water electrolyzer are comprised of and their impact on
loss mechanisms are described. The working principles of the PEM in particular are detailed, as
well as a review transport mechanisms and the tools used to characterize them within the PEM.
Next, the characterization tools used to investigate these transport mechanisms are presented, with
a focus on the PEM and the contribution of each characterization tool. Finally, infrared (IR)

characterization techniques and their potential for electrochemical microfluidics are discussed.

4.1 Polymer electrolyte membranes

PEMs were first developed in the 1950s by General Electric, when the material was reported as a
highly effective material for product separation while remaining permeable to ions.'®!” Through
the following decades, the benefits of this technology being increasingly attractive, as utilization
of PEMs in water electrolysis was evaluated to be an efficient method of energy storage, through
the conversion of electrical energy to chemical energy in the form of gaseous H».>’ Nafion, an
ionomer developed by Dupont which uses a per/polyfluoroalkyl substance (PFAS) backbone,

emerged as the most prevalent PEM which is still commonly used to this day.>%°!

PEM electrolysis using Nafion or other PFAS-based membranes, benefits from higher current
density operation than alternative electrolysis techniques. The higher achieved current densities
reduces operational costs and consequently the overall cost of electrolysis. Almost all of the
following benefits of PEM-based electrolysis can be attributed to the membrane’s properties as a

solid electrolyte:
1. Efficient product separation

The PEM is extremely efficient in separating anode and cathode compartments, as gaseous, liquid,
and electrons are impermeable through it. This makes PEM electrolysis extremely effective for

producing high purity H> gas, with purities greater than 99.9 % frequently reported in the
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literature.%>%* As a result, the dangers associated with mixing hydrogen and oxygen can be

overlooked.
2. Fast response times

The use of a solid electrolyte allows the system to respond quickly to changes in power input,

which are not delayed by inertial forces such as when using liquid electrolytes.’
3. High proton conductivity

PEMs are extremely advantageous due to their selective permeability to protons, as protons that
are produced at the anode catalyst layer (CL) are able to flow through the PEM (with measured
proton diffusion coefficients on the order of 1 X 107> cm? s™') to the cathode compartment, where

they are converted to hydrogen gas.®®
4. Low operating temperature

The low operating temperatures of PEM electrolysis relative to a competing type of electrolysis
(solid oxide electrolysis), makes it more suitable for many practical applications such as

transportation, as PEM-electrolysis is best at temperatures close to ambient and less than 100 °C.!!
5. Low ohmic losses

Ohmic losses (and mass transport losses) typically limit the maximum achievable current densities
for electrochemical systems. The solid property of the PEM allows ohmic losses to be minimized
with thinner membranes.®® The low ohmic losses in PEM electrolysis are part of what enables the

high current density operation that the technology is known for.
6. Compact system design and high pressure operation

The use of a solid electrolyte enables compact system design that makes maintaining temperatures
between ambient and 100 °C easier, while also enabling high pressure operation
(30 MPa — 100 MPa).!267 7! Operating these devices at high pressures is advantageous for
numerous reasons. First, high pressure operation means less energy is required for compressing
and storing product hydrogen gas. Second, operating at high pressures may be accompanied by

hazards associated with compressed oxygen, these can also be mitigated by using differential
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pressure configurations where only the cathode side (hydrogen producing electrode) is under
pressure. Third, mass transport losses are reduced by operating at high pressures, as the volume of
gas at electrodes is reduced and gas removal from the CLs is improved. Finally, the PEM itself
benefits as well as membrane expansion and shrinking relative to its hydration is decreased,
resulting in improved CL integrity for catalyst coated membranes and less shear stress on the

membrane in a built electrolyzer.

However, PEM configurations have several disadvantages as well, such as high material and
production costs.”? The corrosive reaction environment of acidic electrolysis can bring the reaction
environment pH down to ~2 while operating at voltages greater than 2 V.’ This limits the majority
of electrolyzer materials to titanium, and catalysts to platinum group metals (e.g. Pt, Ir, and Ru)
such that all materials that the electrolyzer is comprised of are corrosion resistant. Each of these
materials considerably increases the capital cost of PEM electrolyzers, especially the catalysts, as
iridium based catalysts are the most efficient in the market but is also one of the rarest elements in
the earth’s crust. Consequently, the market share of PEM electrolysis is intrinsically linked to the
global iridium stocks.” Additionally, optimal operating conditions, such as high pressures, are
also accompanied by higher rates of gaseous cross permeation. While thin membranes have
reduced ohmic losses, they also become susceptible to punctures, especially when operating at
higher pressures. Finally, improper disposal of Nafion and other PFAS materials can be extremely
polluting as these materials are not expected to naturally degrade for millenia.”*"® This has led to
the development of many alternative PEMs to address the high capital costs and PEM fluorine
content.”” %" While researchers are optimistic about prospective cost reductions that these
alternative PEMs may bring, Nafion and other PFAS membranes currently remain the ‘gold
standard’ for PEM electrolysis due to their efficient mechanical stability, proton conductivity, and

product separation.’? As a result, the remainder of this thesis will be focused on PEM electrolyzers.

After decades of research, a complete understanding of transport phenomena within PEMs has yet
to be achieved due to the complexity of the membrane’s nanostructure. Transport mechanisms in
PFAS materials during this time have been elucidated to an extent through a wide range of
characterization tools. The flow of particles through PFAS membranes is comprised of several key

mechanisms that occur at various length and time- scales, which will be explained in this section.
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4.1.1 Water sorption in polymer electrolyte membranes

Prior to discussing water transport through the PFAS membranes, it is important to discuss their
solvent sorption behaviors, which are directly tied to the electrochemical performance of PFAS
membranes. Water absorption in PFAS membranes can be measured through a wide range of
techniques, and is consequently reported through different metrics. One of the most common
metrics for quantifying membrane water content is through ‘A’ (and here as Ay, o for clarity), which
is defined as the molar fraction of water molecules (n(H,0) [mol]) per sulfonic-acid group
(n(S03) [mol]) in the membrane.®®' A , has values typically ranging from 0 to 30 depending
on the membrane’s material properties, its hydration, and operating conditions.® These values can
be experimentally quantified using techniques like nuclear magnetic resonance (NMR) or they can
also be determined macroscopically through the comparison of weight measurements in the dried

and wetted states of the membrane:

n(H,0 Am EW
_ ( 2 )_< H20> Eq 4-]

#1207 n(s03) "\ m, /My,

where m and M denote the mass [g] and molar mass [g mol™'], respectively, for water (H,0) and

AmHZO

the dry polymer (p). The (m—) term specifically refers to the change in water content of the
P

membrane by mass. Water content can also be cited in the literature as the water volume fraction
(¢y) and concentration (c,,). Each of these values are used to represent global measurements of

membrane water content.

The water sorption (commonly referred to as water uptake) of PFAS membranes decreases with
increasing equivalent weight (EW [gpotymer MOlionic-group™']) Of the membrane,**® heat-treatment

86.87 aging, contamination, and mechanical compression.®®° Each of these aspects

temperature,
can either be tied to chemical or mechanical changes in the membrane that affect its water sorption,
and therefore its effectiveness to transport protons. The EW of a membrane in particular, is directly
tied to the membrane’s sulfonate acid site (SO37) distribution and spacing. As the membrane
absorbs water, protons (H") freely dissociate from SOssites, which are then mobilized by the
absorbed water molecules. The EW of a membrane and its side-chain length (which is tied to a
PFAS product and therefore the chemical formula of its backbone) have been observed to directly

affect phase-separation and transport through the PEM. Specifically, increasing a membrane’s EW
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or backbone length has been shown to cause stronger aggregation, resulting in fewer and more
sparse gas-liquid domains with higher pore sizes.'*> The backbone or side-chain length of a PEM
is typically associated with a brand name of PEM (e.g. Nafion with long side chains from Dupont
and Aquivion with short side chains from Solvay), and a PEM with a specific side-chain can then

vary by EW, affecting the water distribution and its transport through the PEM.

The remainder of this section will highlight the driving mechanisms for water transport, a
combination of water and proton transport (Section 4.1.2), and gaseous transport (Section 4.1.3)
through PEMs. In these sections, particle transport through the membrane will be explained

through the following four key transport mechanisms:®

1) Chemical diffusion, which is based on the concentration flux (AC) across the membrane and is

dependent on the phase of the transported particle,
2) Hydraulic permeability, which is based on the pressure flux (Ap) across the membrane,
3) Thermo-osmosis, which is based on the temperature flux (AT) across the membrane,

4) And electro-osmosis, which is based on the proton flux (A¢) across the membrane.”*

4.1.1.1 Chemical diffusion of water

Liquid water transport through a PFAS membrane occurs in absence of a concentration gradient.
However, this is not representative of PEMs in working electrolyzers as both electrodes produce
gaseous products which must be removed from the CL. Consequently, chemical diffusion must be
considered, and can be separated into three major categories that are shown in Fig. 4-1: (1)
interfacial diffusion — diffusion through the surface of the PEM, (2) bulk diffusion — diffusion
through the PEM which occurs at a constant rate, and (3) pervaporation — diffusion from a PEM
interface adjacent to liquid to the other side which is adjacent to vapor.®>**% In pervaporation, the
water that transports from the liquid side is vaporized while diffusing through the PFAS material,
which emerges through the vapor compartment as a vapor as well. Pervaporation is irrelevant for

the remainder of this thesis, and will consequently not be discussed further. Before discussing the
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differences and impacts of interfacial and bulk diffusion, it is important to note that the diffusion

of water through PEMs can be impacted by its pretreatment procedure. ¢

Chemical diffusion
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Fig. 4-1: Reproduced figure from Kusoglu et al. of mass diffusion through PEMs induced by

concentration gradients.®

Interfacial diffusion can be distinguished from bulk diffusion through the Biot number, which is

the ratio between the characteristic time scale of diffusion through the bulk of the PEM (7 g; ¢ fysion)

to the mass transport through the membrane’s surface (Tinterface)-

Tiffusion  L%/D
_ dlffusum: / Eq. 4.2

Bi
Tinterface L/km

where k,, is the mass-transport coefficient of the PEM [cm s™'], L is the thickness of the membrane
[cm], and D is the rate of diffusion through the PEM [cm? s™']. When the Biot number is small
(Bi K< 10r Tinterface > Taif fusion)> Water transport is limited by the interfacial resistance of the
membrane (k,, — 0). When the Biot number is large (Bi > 1 or Tgifrusion > Tinterface)s the
interfacial resistance becomes negligible (k,, > 1) and water transport is limited by the rate of
diffusion through the bulk of the membrane. The Biot number is heavily influenced by the
thickness of the membrane, so membranes with lower thicknesses (e.g. 50 um or less) are more

likely to be limited by interfacial resistance with small Biot numbers, and vice versa. Kusoglu and
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Weber report that the critical value that determines which process dominates and which process is

negligible is around a value of Bi = 10.%°

Interfacial diffusion and bulk diffusion are heavily dependent on the boundary conditions
immediately surrounding the system, as the interfacial resistance and bulk resistance are strongly
affected by the water content of the PEM. Specifically, if the PEM is between liquid (or saturated
vapor in the case of He et al.) interfaces on each side, the interfacial resistance and bulk resistance
would both decrease. He et al. showed that if the PEM’s surface is surrounded by saturated vapor
on one side and liquid on the other, the interfacial resistance decreases significantly and bulk

t%

diffusion was dominant.”® If any of the PEM surfaces were to be surrounded by low humidity

vapor instead, the interfacial resistance would increase and interfacial diffusion would dominate

bulk diffusion.®”8

4.1.1.2 Hydraulic permeability

Water transport through pressure differentials when the PEM is surrounded by liquid on each side
is generally assumed to be relative to the hydraulic permeability of the PEM and the pressure
differential across it. This assumption is founded on the basis that water transport driven by a liquid

pressure gradient through the PEM follows an expression similar to Darcy’s Law, shown below.

q=-— %Vp Eq. 4-3
where q is the instantaneous flow rate through the medium [cm s'], k is the permeability of the
medium [cm?], u is the dynamic viscosity of the fluid [Pa s], L is the thickness of the medium
[cm], and Vp is the pressure drop through the medium [Pa]. In the same case as chemical diffusion
through the membrane, the hydraulic permeability of the membrane is also dependent on the
pretreatment of the membrane.”” However, experiments are rarely performed to measure the
hydraulic permeability of the membrane as it does not represent the PEM during electrochemical
operation where gas is consistently being produced at the CLs. Moreover, water phase effects for
PEMs are attributed to the thermal treatment of the materials and water transport between liquid

and vapor phases.!®1%? For the context of this thesis, pressure differentials between anode and
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cathode compartments are not expected to significantly affect results, and will therefore be

neglected.

Hydraulic permeability
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Fig. 4-2: Reproduced figure from Kusoglu et al. showing the effect of hydraulic permeability
through the PEM induced through a pressure differential between liquid compartments.®

4.1.2 Phenomena involving both water and proton transport

Proton transport through PEMs is inherently tied to water transport, as the membrane water content
changes the way that protons transport through the sulfonic acid groups within the PEM. Proton
conduction through the membrane is one of the most well researched subjects in the decades of
PEM research, with studies investigating the effects of hydration, membrane thickness, mechanical
deformation, and much more. %1% The most relevant for the context of this thesis are those that
investigate the effects of membrane hydration, for which the mechanisms driving both water and

proton transport through PEMs will be further discussed in the following subsections.

4.1.2.1 Electro-osmosis

Electro-osmosis can be quantified through the electro-osmotic drag coefficient, which is the

number of solvent molecules carried per ion.”* For water electrolysis, this would refer to the drag
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of water molecules by protons through the PEM from the anode to the cathode. The H" protons
transport through the free volumes of a PEM’s polymeric matrix, which electro-osmotically drags
water molecules in the form of hydrated protons (H3O") across the PEM.!% Electro-osmosis occurs
due to the nature of proton chemistry, where protons are unable to exist as a free species in a

solution as they lack electron clouds.'?’

Consequently, proton transport in PEMs (Fig. 4-3) has been summarized through two mechanisms
— the vehicle mechanism and the Grotthuss hopping mechanism. The vehicular mechanism occurs
as a hydrated proton (H,,410,) transports through the PEM similar to chemical diffusion (Fig.
4-3b). The hopping mechanism is a method of structural diffusion that occurs as a proton ‘hops’
through a chain of hydrogen-bonded water molecules (Fig. 4-3¢). In a working electrolyzer, these
two processes compete depending on the hydration of the PEM. Specifically, when the PEM has
a relatively low hydration, the vehicular mechanism dominates protons transport. Conversely,
when the PEM has a relatively high hydration, the Grotthuss hopping mechanism dominates
protons transport across the PEM through a series of bond-breaking and forming, such that the
proton that emerges out of the PEM is not the same as the one that went in. Grotthuss hopping is
reported to be highly dependent on the PEM being sufficiently hydrated, as proton transport
through this mechanism requires frequent reorientation of the water molecules.'®!% These

mechanisms are what enable the highly attractive proton conductivity of hydrated PFAS materials.
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Fig. 4-3: Electro-osmosis through polymeric materials. (a) A reproduced schematic from Kusoglu
et al. showing the effect of electro-osmosis induced through a proton gradient (A¢) through the
PEM.% The transport mechanisms occur through the (b) vehicle mechanism, where a hydrated
molecule carries a proton (Hypy10,)T across the PEM, and (c) the Grotthuss hopping
mechanism, where protons ‘hop’ down a chain of hydrogen bonded water molecules through

repeated bond-breaking and forming.
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4.1.2.2 Thermo-osmosis

Thermo-osmosis occurs when a water flux is produced due to a temperature gradient (Fig. 4-4).
This mechanism is driven by the entropy of water, which is challenging to define for individual
ions. Villaluenga et al. showed that imposing a temperature gradient led to a proportional water
flux that consistently flowed from the cold to hot side.'® Kim and Mench confirmed this behavior
for Nafion, Gore-Select, and Flemion membranes and found that the thermo-osmotic diffusivity
exhibited an Arrhenius-type temperature dependency.!! However, thermal-osmosis still remains
one of the less explored transport phenomena, which could be elucidated through its interrelations

with membrane swelling, proton differentials, and concentration differentials across it.
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Fig. 4-4: Reproduced figure from Kusoglu et al. showing the effect of thermal osmosis through the
PEM induced by a temperature gradient.®

4.1.3 Gas transport

Gas transport through PEMs is similar to gaseous diffusion in solutions. Gas diffusivity is relative
to the size of the gas particles, the gas concentration, the free volume in the PEM, the PEM’s
structure and morphology, and more. As a result, the permeability of a gas through polymers is

dependent on many factors that directly affect the PEM, such as its water content, temperature,
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and condition.!"""!'* Since gas permeability is commonly associated with the free volume in
polymers, the same assumption is often extended toward PFAS materials. However, this
assumption is not applicable to PEMs integrated in electrochemical devices, as it was found that
gas permeability through PEMs is only valid when the PEM is dry.!'>!16 Similarly, any factors
other than hydration that influence the PEM structure or morphology would also affect the gas
permeability through it. For example, the side chains that build the chemical structure of the PEM
directly affect the EW and crystallinity of the PEM. These properties then affect the membrane’s

pore sizes and consequently its gas permeability.

4.2 Characterization techniques

In the previous section, the relevant transport mechanisms in PEMs were described to provide a
background of PFAS materials, and the effect of these mechanisms on the PEM in electrolyzers
was detailed. This section will be dedicated to reviewing prior research efforts to characterize the
PEM through the techniques used to understand transport phenomena within PFAS materials, and

their effects on electrochemical performance when integrated.

4.2.1 Quantifying electrochemical impedance

Electrochemical characterization techniques through electrochemical impedance spectroscopy
(EIS) have become integral to the field, as these techniques can be used to discriminate losses in
electrolyzers. Alternating current (AC) impedance analysis is one of the most commonly used
techniques, as changes to operating conditions can be connected to mechanisms that affect the
system’s polarization.'!” Each loss mechanism in electrochemical devices (ohmic, activation, and
mass transport) can be associated to different relaxation times, and therefore can be discerned when
using time-resolved EIS techniques.''®!'?* For example, the ohmic resistance can reliably be
discerned through EIS as the high frequency contribution of an electrolyzer, while the low
frequency measurements provide information on the activation and mass transport losses. Given
an appropriate range of tested current densities or potentials, activation losses can be discriminated
from mass transport losses through Tafel extrapolation, allowing the quantification of each source

of performance loss in an electrolyzer.!'?!"'?> However, the response of EIS techniques is highly
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dependent on the design of the electrolyzer device, the materials used, the catalyst, etc.
Consequently, EIS results must be evaluated for specific systems with reference cases to associate

the effects of these differences to the imposed experimental variables.

The impedance of an electrolyzer can be further analyzed using equivalent electrical circuits
(EECs), which can be used to model each component of the device. Consequently, the response of
the system can be modelled as a function of its operating parameters, such as potential, current
density, temperature, humidity, etc. The residuals of the EEC can also be further analyzed to
provide realistic interpretations of the physical phenomena in the electrolyzer, such as reaction
mechanisms.!*12%124 For example, Niya and Hoorfar show how EEC models can be coupled with
EIS techniques to isolate ohmic losses attributed to the membrane, as well as how to extract the
membrane diffusion coefficient in PEM fuel cells.!?> When coupled with additional techniques,
even more information can be extracted, such as the work by Chevalier et al., which combines
EECs, EIS data, and X-ray images to investigate the liquid water distributions in custom electro-
spun gas diffusion layers for PEM fuel cells.!?® These studies not only show the benefits of
electrochemical diagnostic techniques, but that these techniques are increasingly effective for

elucidating mechanisms in electrochemical devices when used together.

4.2.2 Characterizing transport within polymer electrolyte membranes

The measurement of ion and mass transport across PEMs has been performed via various
characterization tools over the course of the past couple decades of research. This subsection will
be dedicated to describing the characterization techniques used to measure proton transport and

water transport through PEMs for electrochemical research.

Nuclear magnetic resonance, commonly abbreviated as NMR, was one of the first tools used to
measure water sorption and diffusion in PEMs, as it can be used to clarify the distribution of the
chemical compositional in polymers. NMR is particularly useful for measuring the membrane
water content (Ay,¢, Eq. 4-1), which is the ratio of water molecules per sulfonic acid site in the
polymer matrix of a PEM. NMR is typically used in this context to measure tracer (or self)
diffusion, which is defined as the spontaneous mixing of molecules in absence of a concentration

gradient. These measurements are achieved through the excitation of a molecule, and then by
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tracking its interactions and relaxation times. Specifically, NMR measures the radiofrequency
electromagnetic radiations that are produced from the resonance between a strong magnetic field
generated by the apparatus, and the nuclei of molecules for samples of interest. For example, Ise
et al. utilized electrophoretic NMR to measure the electro-osmotic drag coefficient in two PEMs
of different compositions, sulfonated polyetheretherketoneketone (PEEKK) and Nafion; and found
that while the sulfonated PEEKK had lower water content than Nafion, it had higher proton
conductivities and drag coefficients.!?” Lee et al. showed that the measured relaxation times of
deuterated water from NMR increase with increasing membrane hydration (Fig. 4-5).%* NMR
techniques utilizing pulsed field gradient spin-echo (PGSE) have also been implemented to
provide more information of the molecules within the sample. These studies have been able to
quantify water diffusion for a wide range of conditions, and when coupled with electrochemical
characterization techniques, can also simultaneously quantify proton transport.'2#13° Magnetic
resonance imaging (MRI) is a similar technique that differs from NMR as information is generated
through radiation intensity instead of radiation frequency. MRI has also been used to quantify
water diffusion through PFAS materials, such as through the work of Suzuki et al., who used a
combination of MRI and dew point measurements to quantify the in situ flux of water through the
PEM and a CCM. They showed that the interfacial transport between membranes leads to

differences in water properties due to the catalyst coating of the CCM. 3!
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Fig. 4-5: Figures from the work presented by Lee et al. presenting the (a) experimental setup for
the in situ NMR humidification, and (b) The deuterium (*H) relaxation times (T;) at 46.07 MHz

for different proton-conducting membranes as a function of hydration number.®

Dynamic vapor sorption (DVS) is a gravimetric technique for quantifying the sorption of a solvent
by a sample, which is frequently used as an ex situ and in situ method for measuring the water
sorption of a PEM. DVS is performed by varying the vapor concentration around the sample, and
measuring the corresponding changes in its mass. This technique is particularly useful for
measuring water transport in the form of vapor at higher temperatures in PEM electrolyzers or fuel
cells. DVS measurements reported in the literature have shown that an increasing water vapor
uptake in PEMs was accompanied by an increasing humidity and a decreasing water
diffusivity.'*>!33 For example, Mangiagli et al. found that slower water sorption with high reactant
relative humidities (RHs) was due to the smaller enthalpy of solvation for hydrated membranes,
which reduced the rate of additional water uptake.!*? Results obtained through DVS have opposed
those reported by NMR experiments, which have increasing diffusivity with increasing reactant

RHs.

Atomic force microscopy (AFM) is a type of scanning force microscopy that utilizes a small probe
that contacts the surface of a material and scans across it, and is capable of achieving high

resolutions that can be as small as a fraction of a nanometer. AFM has been used to characterize
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the surface of membranes and electrodes. For example, O’Hayre et al. demonstrated the use of
AFM for characterizing various surfaces, such as electrodes and Nafion.'** When AFM is
combined with current sensing, the technique is modified and can be referred to as conductive
AFM (CAFM). CAFM is more advantageous than AFM, as it can be used to measure the
conductivity across the membrane. This was achieved in the work presented by Bussian et al., who
performed CAFM via an AFM tip coated with platinum to act as electrodes for a PEM fuel cell
(Fig. 4-6).'% During their CAFM measurements, they found that around 60 % of the aqueous

domains at the surface of a Nafion PEM were inactive.

Fig. 4-6: Figure from the work presented by Bussian et al. showing AFM images of an active
hydrogen fuel cell: (a) height (z-scale 75 nm) and (b) current (z-scale 20 pA, color bar with blue
at 0 and maximum as white) regions of a I um x I um region; (c) height (z-scale 10 nm); (d)
current (z-scale 5 pA) images of a 500 nm % 500 nm region taken from the center of the scan in

(a)‘135
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Confocal Raman microscopy is a spectroscopy technique based on the distribution of inelastically
scattered light that has also been used to characterize the water content in PEMs. Deabate et al.
describes the potential of Raman microspectroscopy for in situ and operando characterization of
PEM water content, which their group implemented to show deviations from ex-situ measurement
techniques, and for a range of working conditions and multiple PEMs.'3¢-138 Tabuchi et al. have
also utilized confocal Raman spectroscopy to quantify water diffusion through PEMs, and
compared those results to NMR results by Zawodzinski et al.!*-!4* Additionally, Hara et al. showed
that back-diffusion of water produced in a PEM fuel cell led to clearly detectable membrane
humidification, and increased water transport through the membrane with increasing

temperature.'*!

In addition to the previously described techniques, X-ray and neutron based imaging techniques
have been implemented to characterize operando PEM water content in working fuel cells and
electrolyzers. X-ray and neutron techniques are complementary techniques, as the beams produced
by their respective sources are attenuated by the electron clouds of the incident materials for X-
rays, and neutrons in the materials for neutron imaging. '4>!*3 As a result, this makes X-ray imaging
effective for characterizing elements with low atomic numbers, such as carbon materials used in
gaseous diffusion layers for fuel cells, as those materials are more transparent due to their relatively
smaller electron clouds. In contrast, high atomic numbered elements are more transparent with
neutron imaging, making this technique effective for visualizing changes in water transport
through the titanium components commonly used in water electrolysis, as water strongly attenuates

neutron beams while the titanium has higher transparency.

In 2004, Mauritz and Moore published an extensive review of the chemical structure of Nafion,
citing morphological studies through the use of small-angle and wide-angle X-ray scattering
(SAXS and WAXS, respectively).> Since then, significant progress has been made for not just the
understanding of PFAS material structure, but also with X-ray techniques that investigate the
PEMs in operating fuel cells and electrolyzers. Synchrotron based X-ray techniques have been
used extensively to investigate these materials in situ and in operando with high spatial and
temporal resolutions.'?®!4* For example, Hwang et al. measured the water distribution in Nafion
with spatial and temporal resolutions of 1 um and 10 min, respectively, to show a nonlinear water
profile through the PEM that had a continuous transition from dynamic to steady-state transport

coefficients.”® Wong et al. showed that the polytetrafluoroethylene (PTFE) content in standalone
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microporous layers for operating PEM fuel cells created a tradeoff between membrane hydration
and mass transport losses, where higher PTFE content leads to greater liquid accumulation
adjacent to the CL, leading to improved hydration and proton conductivity while increasing the
mass transport resistance (Fig. 4-7).'43 Another researcher from the same group coupled operando
synchrotron x-ray radiography with EIS to quantify the effect of high current densities on

membrane thickness with varied inlet gas RH in a PEM fuel cell.!*
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Fig. 4-7: Figure from the work presented by Wong et al. showing sample synchrotron radiographs,
(a) raw image and (b) processed water thickness image. Microstructural layers and major
structural components in the through-plane direction are highlighted beside both images. The
direction of through-plane water profiles are indicated by the x-axis. The dashed box in the
processed image indicates the cathode gas diffusion layer (GDL) where liquid water was
quantified for this study. The color bar represents the thickness of water in the z-direction of the

image.'®¥

Neutron based techniques struggle with resolving the PEM water content in operating
electrochemical devices due to the damage that neutron beams pose to PEMs, but have nonetheless
been used to observe operando changes in membrane thickness. For example, Hickner et al.
utilized neutron imaging used to evaluate the water content of the membrane electrode assembly
(MEA) in a PEMFC for a range of current densities and temperatures. '’ Neutron radiography was

also used to investigate PEM wetting in an operating fuel cell, where Quan et al. showed that the
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wetting process for components in the cell was 1.4 times longer than the drying process.'*¥ In 2011,
Morin et al. utilized small angle neutron scattering to measure the water content in Nafion 117 and
showed that gravity improved water retention for the cell, which in turn led to improved membrane

hydration.'#

When coupled with operando imaging techniques, the field of view for the imaging technique is
limited to the architecture of the device, as images are strongly affected by the orientation of the
cell. Determining the PEM water content between anode and cathode compartments in these
devices requires isolating the PEM for image acquisition. This can only be done when electrolyzer
is visualized on its side such that the stack of the electrolyzer is visible and each component can
be distinguished. However, this approach is infeasible for quantifying PEM hydration, as the PEM
water content can only be determined as an average through the plane of the captured images. This
challenge has been partially addressed through the refinement of technology that has led to the rise
of tomographic techniques, which can be used to quantify gas and liquid phases in these devices
through each of the materials at high spatial resolutions.!**!>! However, high spatial resolution
computed tomography (CT) suffers from long acquisition time scales, typically longer than 1 hour,
that are necessary for the lengthy image acquisition and image reconstruction routine. This
limitation can obscure mass transport through these devices with flowing reactants, often leading
to image acquisition with halted reactant and product flow. Nevertheless, these techniques are
invaluable to the field for elucidating gas and liquid distributions in operating devices, with recent
publications even combining both X-ray and neutron CT for resolving the distributions of gaseous

and liquid phases through up to six PEM fuel cell components.!*!53

4.2.3 Research gaps

The previous decades of research have elucidated many characteristics in PEMs, but only in the
last decade have studies been able to move beyond ex situ and in-situ measurements. A complete
understanding of ion and water transport in PEMs remains elusive due to the complex
nanostructure of the membrane that reacts in a dynamic manner when these devices are in
operation. By utilizing techniques that are novel to the field such as IR, the effects of ion and water
transport through the PEM can be elucidated; and parameters that affect these phenomena can be

identified. Advances that push our understanding of PEM structure and transport mechanisms that
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occur within them are necessary for establishing a basis for experimental models, which would

significantly contribute to improving the efficiency of PEM electrolysis.

4.3 Infrared characterization applied onto electrochemistry

Various infrared (IR) based techniques can be used to gain an understanding of the molecular
chemistry of the studied sample. For IR spectroscopy, an IR beam is directed through a sample,
which then attenuates the beam for IR frequencies that are the same as the vibrational frequency
of molecular bonds — or groups of bonds — in the sample. IR spectroscopy can be performed with
monochromatic beams through the use of a monochromator or with a polychromatic source
through a Fourier transform infrared (FTIR) spectrometer (working principles detailed in
Section 2.2.1). IR characterization techniques are non-intrusive, allowing the characterization of
samples without alteration in any way or the need for any pre-treatment. These techniques also
benefit from high spatial and temporal resolutions depending on the number of wavelengths or
wavenumbers scanned. However, while IR techniques can be used to provide information on the
molecular chemistry of samples, they are not able to provide full structural information of the
sample as through other techniques like NMR. Therefore IR techniques are often coupled with
others to study samples. Moreover, IR techniques are sensitive to impurities in the sample, which
can cause unwanted IR spectral peaks or otherwise obscure acquired data. Water in particular
absorbs infrared light very strongly, consequently leading to short effective path lengths at

fractions of a millimeter through samples containing water.

4.3.1 Attenuated total reflection

Attenuated total reflection (ATR, Fig. 4-8) is a technique that is often coupled with IR
spectroscopy to examine solid or liquid state samples. ATR is performed by directing an IR beam
through an ATR crystal that is made of a material with a high refractance index at certain angles.
The reflectance of the IR beam through the ATR crystal creates an evanescent wave that extends
a couple microns beyond the surface of the crystal. With the sample placed on the ATR crystal,

the sample absorbs energy protruding from the ATR crystal from the evanescent wave produced
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by the IR beam, which then passes through the rest of the ATR crystal before being captured by

the detector. The resulting signal from the detector can then be used to generate an IR spectrum.

Evanescent wave

] Sample
l
Incident ATR crvsta Attenuated
IR beam IR beam
(from IR source) (to detector)

Fig. 4-8: Schematic of the working principle of ATR. The incident IR beam from the IR source
passes through the ATR crystal, producing evanescent waves that extend a couple of microns past
the surface of the ATR crystal, which are then absorbed by the sample. The attenuated IR beam
then traverses through the rest of the sample and ATR crystal and is captured by the IR detector,

which can be used to reproduce the IR spectrum of the sample.

4.3.2 Transmission infrared spectroscopy

Transmission IR spectroscopy produces IR spectra through the transmitted IR light that is
measured through a sample, and benefits from higher quality IR spectra when compared to ATR
due to quantifying IR light attenuation transmitted through the sample, not just from light reflected
off its surface. While benefitting from higher quality IR spectra, transmission IR spectroscopy is
more sensitive to light aberrations, such as those from bubbles in liquid analyses. When
transmission based IR spectroscopy is applied to characterizing PFAS materials, it is commonly
performed ex-situ and has been reported in the literature under varied conditions applied to the

PEM (e.g. compression, membrane hydration as shown in Fig. 4-9, temperatures, etc.).!>*15
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While many comparable works have also been performed using ATR,%7-16%-163 transmission based
techniques are the only ones capable of performing imaging. Moreover, they also benefit from
larger characteristic lengths, which are large enough to quantify hydration through the thickness
of the PEM.
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Fig. 4-9: Figure from the work presented by Korzeneewski et al.'>* showing the (a) experimental
infrared spectra of a thin Nafion film cast onto a ZnSe optical window recorded during hydration
in 100 % relative humidity air starting from a dry state. Spectra were recorded at different
exposure times to humid air. The arrows indicate the direction of band intensity. (b) Data from the

experimental spectra with a point plotted every 4 cm™.
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The previously detailed IR techniques have been used to characterize water transport in PFAS
materials through predominately ex-situ methods, as IR characterization techniques use long-
wavelength light that has weak penetration and therefore short effective path lengths, especially
through samples containing water. Zelsmann et al. used quantitative IR spectroscopy to measure
the diffusion coefficients of water in PEMs that agreed with isolated permeation-sorption
measurements.'® Far-IR wavelengths have also been implemented to study the vibrational trends
of Nafion.!>® Additional studies performed by Blanchard and Nuzzo as well as Shimoaka et al.
investigated the structure of Nafion membranes when hydrated through IR spectroscopy for a
range of conditions.!>”"!>® In addition to IR spectroscopy, FTIR spectroscopy was used by Lowry
and Mauritz to monitor hydration at the sulfuric acid sites in Nafion, where IR absorption peaks
were observed to shift to higher frequencies and broaden as the membrane water content
decreased.!®> ATR coupled FTIR was implemented to quantify water diffusion by Hallinan, '6!-162
and the spectral peak positions of SO3 sites in the PEM for various thicknesses of spin-cast Nafion
by Zimudzi and Hickner.!®® The extent of research shown using both transmitted and reflected IR
characterization techniques shows us the versatility of IR characterization. These IR techniques
can be used to quantify structural changes to the SO3™ backbones of PEMs, while also providing
information relative to the hydration and identifying if a dependence or correlation exists between

these parameters.

4.3.3 Research gaps

While IR techniques have been successfully used to characterize water transport through PFAS
materials, this has only been achieved through ex-situ measurements. These works utilize IR
techniques to gain a fundamental understanding of the effect of water on the chemistry of sulfonic
acid sites within PEMs under various conditions. However, the IR techniques detailed in the
previous section and Section 2.2 have much more potential that have yet to be utilized. For
example, PEM backbone and side chain analyses, such as in the work by Zimudzi and Hickner,
can be simultaneously studied with regard to the PEMs hydration using in operando techniques. '®*
When combining microfluidics with operando transmission IR imaging, far more effects of PEM
hydration on structural information can be gained. While IR techniques have disadvantages

associated with the physics of the techniques, such as the short effective optical path, many of
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these disadvantages can be overcome through tailored cell design. Specifically, short effective path
lengths can be overcome through the use of microfluidic chips, as shown in the previous chapter,
where micro-scale dimensions become advantageous. Additionally, if IR imaging of PEM
electrolyzers can be achieved in tandem with the other IR-based techniques, such as thermography,
then poorly understood phenomena such as mass transport and thermo-osmosis could be
simultaneously elucidated. Consequently, a greater understanding of PFAS materials would be
achieved, which would also improve modeling efforts and ideally enable increased efficiency for

electrochemical PEM devices.

4.4  Chapter summary

In this chapter, the background and review of polymer electrolyte membranes (PEMs) for use in
electrochemical water splitting was introduced. The history, advantages, and disadvantages of
PEMs was discussed for the context of water electrolysis, as well as the key mechanisms that
govern ion and mass transport through PEMs. Next, common characterization techniques used to
analyze the PEM were discussed and a literature review for each presented technique was
provided. Additionally, the research gaps associated with analysis techniques for PEM research
were detailed. Then, IR techniques that were not discussed in previous chapters were introduced
in addition to a brief literature review regarding all relevant infrared techniques. Finally, the
research gaps associated with utilizing IR techniques for investigating ion and mass transport
through PEMs were discussed. IR techniques have immense potential for elucidating poorly
understood phenomena within PEMs, such as the chemical diffusion of water and both electro-
and thermo-osmotic drag through the PEM. In the following chapters, a combination of
microfluidics and these IR techniques will be implemented to realize a novel operando IR imaging

setup for characterizing these transport phenomena within the PEM of an operating electrolyzer.
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5 Probing membrane hydration in microfluidic polymer
electrolyte  membrane electrolyzers via  operando
synchrotron Fourier transform infrared spectroscopy

5.1 Introduction

In this chapter, the first microfluidic polymer electrolyte membrane (PEM) electrolyzer that is
semi-transparent in infrared (IR) light was developed as a platform for characterizing the PEM
hydration during operation. The electrochemical performance of the chip was compared to its PEM
hydration, which was measured via synchrotron Fourier transform infrared (FTIR) spectroscopy.
The PEM water content was directly probed in the operating electrolyzer by measuring the
transmitted light intensity at wavelengths around 10 um. By supplying the electrolyzer with
reactant starving flow rates, mass transport driven cell failure was provoked, which coincided with
membrane dehydration. Furthermore, higher operating temperatures were observed to improve the
stability in membrane hydration through increased membrane water uptake. The work presented
in this thesis chapter acted as a first step towards evaluating the PEM hydration in an operating

PEM electrolyzer using IR techniques. This work was published in Lab on a Chip.

5.2 Methods

5.2.1 Fabrication of the microfluidic electrolyzer

A custom microfluidic water-splitting electrolyzer (Fig. 5-1) was developed as an IR spectroscopy
platform for characterizing PEM water-transport during electrochemical operation. The
microfluidic electrolyzer was designed such that the spectral signatures of water and the PEM
could be investigated using IR light. The microfluidic PEM electrolyzer was fabricated using four
layers that are assembled in a sandwich stack as shown in Fig. 5-1 a, b. From bottom to top, the
four layers include: (1) a double-side polished silicon wafer (279 pm thickness and 50.8 mm
diameter, Siegert Wafer), (2) a commercially available polydimethylsiloxane (PDMS) film (PF-
40/1.5-X0, 38 um thickness, Gel-Pak), (3) a commercially available PEM (Aquivion E87-05S,

Solvay), and (4) another double-side polished silicon wafer. A schematic of the complete
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electrolyzer is shown in Fig. 5-1c, where the desired path of ion transport can be seen. The chip is
semi-transparent in multiple windows of IR light ranging from 4 um to 12 um wavelengths
(833 cm! t0 2500 cm™! wavenumbers), as shown in Fig. 5-1d. The transparency of the electrolyzer
and of water determined the upper wavelength limit (or lower wavenumber limit) of the
experimental spectral range (~11.3 pm wavelengths or 885 cm™ wavenumbers), while its lower
wavelength limit (or upper wavenumber limit) was determined by the instruments in the
experimental setup (e.g. FTIR spectrometer and detector). Details of the spectral range of the

spectroscopy setup are detailed in Section 5.2.3.
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Fig. 5-1: (a) Exploded schematic showcasing each of the four layers that the microfluidic PEM
electrolyzer is comprised of. (b) Photo of the fully assembled microfluidic electrolyzer. (c) Side-
view of the electrolyzer showing the path of H' ion transport. (d) The transmittance of all materials

that were used to fabricate the electrolyzer, where common transmission ranges for the materials

are indicated with a shaded background.

Before fabricating the electrolyzer, each layer aside from the PEM required pre-treatment (Fig.
5-2a). The bottom silicon wafer has two electrodes deposited onto its surface via two-stages of

sputter-coating: first with a titanium adhesion layer (~60 nm thickness), second with platinum
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(~300 nm thickness). The area occupied by a single electrode’s parallel strip at the center of the
wafer was considered to be the active area of the chip: 0.08 cm? (1 cm length x 0.08 cm width),
with an inter-electrode distance of 1.2 mm. The PDMS film layer has microfluidic channels and
electrode ports removed via a plotter cutter (Graphtec). The two parallel channels at the center of
the chip were separated by 500 um, and each channel has dimensions of 15 mm length x 1.8 mm
width with a channel height of 38 um (equal to PDMS film thickness). The cap silicon wafer
needed to have tubing and electrode ports removed. As the wafer’s transparency cannot be
compromised to maintain the material’s IR transparency, the front and back surfaces were
protected with tape. The positions of tubing and electrode ports were marked using a permanent
marker, then the holes were created with a sand blasting machine. Before proceeding with the
electrolyzer fabrication routine, the tape was removed and the cap silicon wafer was cleaned with

isopropanol to remove any remaining sand particles.

The chip assembly procedure consisted of four steps to create two subassemblies and adhere them
together. First (Fig. 5-2b), the PDMS film was adhered to the base silicon wafer by swelling the
PDMS film with isopropanol, thereby reducing the friction between the PDMS film and bottom
silicon wafer. This simplified alignment between the platinum electrodes and microfluidic channel
features in the PDMS film. After alignment, the components were adhered together by insertion
into a degassing chamber for 30 min to remove any remaining isopropanol or gas particles between

the PDMS film and silicon wafer. This completed adhesion for the bottom subassembly.
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Fig. 5-2: (a) The pre-treatment of each component used to build the microfluidic PEM electrolyzer.
(b) To create the first subassembly, the PDMS film with channels removed and bottom silicon
wafer were inserted into an isopropanol bath and aligned. Then, they were inserted into a
degassing chamber for 30 min to remove any remaining bubbles between the two layers, finishing
the first subassembly. (c) The PEM was expanded with Nafion resin to reduce the effect of
membrane expansion/shrinking, then pressed flat onto the top wafer, and dried. After drying, the

holes for inlet, outlet, and electrode connections were cut to complete the second subassembly.
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Second (Fig. 5-2c), the PEM was adhered to the top silicon wafer. In-plane expansion and
shrinking is a key membrane characteristic that complicates the process of adhering the PEM to
other materials, as PEMs can exhibit in-plane expansion of up to 200 % at 23 °C and 50 % relative
humidity.'®® For chip fabrication specifically, excessive membrane expansion/shrinking would
either lead to delamination between layers in the chip, or undesired repositioning of the
electrode/tubing ports. In an attempt to reduce the range of membrane expansion and shrinking,
the PEM was pre-swelled with a perfluorinated resin solution (Nafion 1100 W resin, Sigma-
Aldrich). The PEM was then firmly pressed onto the cap silicon wafer to induce mechanical
adhesion before being air dried. Once dry, electrode and tubing ports were carefully removed with
a scalpel, then the PEM was subsequently inserted into an oven set to 65 °C overnight to complete

the top subassembly.

Third (Fig. 5-3a), each subassembly was chemically bonded together through a method prepared
by Pham and Barz.'®” The chemical bonding method is detailed as follows: a 4.0 wt% aqueous
solution of vinyltriethoxysilane (VTES) in ethanol containing 10 vol% water was prepared and
stirred for 1 h at room temperature. This created free-floating silane particles in the aqueous
solution. The PDMS surface was air plasma treated, then immersed in the VTES solution for 2 min
to allow silanes to migrate to the PDMS surface. The PDMS was then air dried and heated at
100 °C on a hot plate for 15 min to create siloxane linkages between the silanes and the PDMS.
Towards the end of the 15 min hot plate heating, the PEM was also prepared for bonding with air
plasma treatment. The two subassemblies were visually aligned, then the silane-grafted PDMS

film and plasma-treated PEM surface were compressed together between two acrylic plates.
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Fig. 5-3: (a) For the third step of the fabrication method, the lower subassembly was plasma
treated then immersed in the VTES solution. After immersion, it was heated on a hot plate, and the
top assembly was plasma treated then compressed together to bond subassemblies. (b) To
complete the chip, PDMS blocks were attached used as tubing connections after plasma treating
the PDMS blocks and the top of the incomplete subassembly. The chip was then complete and left

compressed between acrylic plates in an oven overnight set to 65 °C.
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Finally (Fig. 5-3b), four PDMS blocks with punched-holes as well as the top of the incomplete
chip were prepared with air plasma treatment to bond these parts together. When attached, the
PDMS blocks created inlet/outlet tubing ports on the chip. The chip was then compressed between

the acrylic plates again, and inserted into the 65 °C oven overnight for completion.

5.2.2 Experimental procedure

Prior to the imaging experiments, the PEM electrolyzer was broken in using an alternating constant
voltage script to improve the cell’s electrochemical performance. The script was modified from
the fuel cell procedure published by Klug for water electrolysis, !%® such that the break-in procedure
for the electrolyzer cycled through potentiostatic operation at 2 V, 2.25 V, then 2.5V for 1 min
each and repeated for a total of 20 cycles over 1 hour (Fig. 5-4). Reactant water was supplied to
both channels of the electrolyzer at a flow rate of 100 pL min™ through a syringe pump (Cetoni
Nemesys), and potentiostatic operation was applied through a potentiostat (BioLogic SP-300). At
the beginning of the break-in script and at a potential of 2.5 V, the chip was achieved current
densities of 3 mA cm, which increased above 6 mA cm at the same potential by the end of the

break in script.
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Fig. 5-4: Current density and potential as a function of time from the script to break-in the PEM

of the microfluidic water electrolyzer.

The water content in the PEM of the microfluidic electrolyzer was evaluated over a range of
operating conditions while IR spectra were concurrently acquired. The imaging experiments were
performed for three temperature conditions and for two flow rates. The three temperature
conditions (20 °C, 40 °C; and 60 °C) were selected to observe the effect of operating temperature
on the PEM water content, and the two operating flow rates for the electrolyzer were 20 uL min™!
and 100 pL min™!, which were respectively selected to induce ohmic and mass transport driven
cell failure. The temperature of the electrolyzer was monitored and controlled via a copper
thermistor (Captec, design shown in Appendix A) that is placed directly underneath the chip. The
copper thermistor was operated through an externally connected proportional integral-derivative
controller (working principles detailed in Appendix A). Dilute sulfuric acid (0.5 mol L") was
supplied to both channels to perform water splitting under acidic conditions. While a parasitic
reaction is known to occur between platinum and sulfuric acid,'® this reaction is only expected to
occur at potentials lower than the standard potential of electrochemical water splitting
(Erev=1.23 V at standard conditions). For these experiments, the reactant sulfuric acid was

supplied to the electrolyzer through a syringe pump at the prescribed flow rate for 5 min before
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current was applied. Current was delivered to the electrolyzer beginning at open circuit voltage
(OCV) and was increased in increments of 25 mA cm™ until cell failure for each operating
condition. Cell failure was arbitrarily defined as £>5V to avoid excessive corrosion on the
materials for the microfluidic chip. Each constant current was held for 20 min, and staircase
galvanostatic EIS was performed between each constant current condition in increasing

2.5 mA cm current density steps.!’® All tested experimental conditions are shown in Tab. 5-1.

Tab. 5-1: The experimental conditions achieved by the microfluidic PEM electrolyzer during the

operando experiment.

Flow rate Temperature Current density
q T i
(uL min™") (°C) (mA cm?)
20
20 40 OCV, 25,50, 75
60
20 0OCV, 25,50, 75, 100, 125
40 OCV, 25, 50, 75, 100, 125,
100 150, 175
60 OCV, 25, 50, 75, 100, 125,
150, 175, 200, 225

5.2.3 Operando synchrotron Fourier transform infrared spectroscopy

Experiments were performed at the far-infrared beamline Canadian Light Source synchrotron
facility in Saskatoon, Canada (Fig. 5-5 a, b). IR light was extracted from one of the bending
magnets of the synchrotron’s storage ring using a split mirror and was redirected to the far-infrared
beamline. At the far-infrared beamline, the light traveled to the entrance of a Bruker IFS125HR

spectrometer equipped with a KBr beamsplitter via a series of optic elements. Optics within the
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sample compartment of the spectrometer collimated the beam by directing it through a diamond
window to a Cassegrain objective. The objective focused the beam to 90 um spot (4Appendix B) on
the electrolyzer (Fig. 5-5¢), the beam was then attenuated and collected by a second objective that
recollimated it. Finally, the light was focused into a He-cooled detector using a gain of 500 (Ge:Cu
element with a range of 335-1300 cm™ wavenumbers or 7.69-30 pm wavelengths, QMC
Instruments). The detector determined the lower wavelength limit for the experiment. When
considering the transparency of the electrolyzer as shown before in Fig. 5-1d, the usable spectral

range was roughly from 10.5 um to 11.3 um wavelengths (or 952 cm™! to 885 cm™! wavenumbers,

respectively).
(a) . .
Objectives Temperature | Detector
Syringe | | SASIIREEE Controller
Pump
Incident
Synchrotron iRbaars :

Parabolic
mirror

FTIR Spectrometer

Potentiostat

A
|
|
|
AnocI:Ie
- J
|
=
spoyie)

PDMS

Channel
Channel
Channel
Channel

500 pm
Electrode =~ «—>  Electrode

(d) (e) Wavelength (um)
100 102 104 106 108 11.0 11.2 114
0.10 T T 1.0 T T T T T T
—2850 cm': Wet PEM
933 cm’ L Dry PEM | |
oo 07 o . 08

5 3
o &

= 0.06+ c 06
Horizontal scan 6 K]
------------------ Attt 1 A
0 Position (um) 4250 @ €

€ 0.04 D @ G 04f
c < e £
Proton exchange membrane ’(_E g g =

O 1%
0.02 @ @ 0.2
Channel PDMS Channel w i
Electrode Electrode 0.00 : 0.0 n . . M
2000 4000 880 900 920 940 960 980 1000

Position (pm) Wavenumber (cm™")



95

Fig. 5-5: (a) Schematic of the experimental setup for infrared spectroscopy at the Canadian Light
Source synchrotron facility and (b) a photo of the chip mounted on the stage. Horizontal scans
across both channels were performed with the following (c) beam position for the overhead view
and the rotated view is shown directly underneath. (d) The corresponding transmissions of three
wavenumbers near the common transmission range of each attenuating material were evaluated
to position the beam. When centered on the PDMS strip, (e) the attenuated IR beam transmitted

less IR light when the PEM was wet compared to when it was dry.

The microfluidic PEM electrolyzer was designed without any beam-alignment features, therefore
the position of each chip feature had to be manually identified using individually acquired IR
spectra. The chip was aligned to the beam, and then a series a horizontal scans across the chip were
acquired using a monochromatic beam. The acquired scans were acquired for wavenumbers of
850 cm™, 933 cm!, and 971 ecm! (11.76 pm, 10.72 um, and 10.30 pm wavelengths, respectively)
in Fig. 5-5d, where the transmission of each cell component in the horizontal scans is labeled. All
subsequently acquired IR spectra were obtained with the beam positioned as shown in Fig. 5-5c,
where the beam was only attenuated by the PEM, the PDMS film, and each silicon wafer of the
chip. Consequently, any changes in the IR transmittance were attributed to water content changes
in the PEM and PDMS film, such as the wet and dry conditions shown in Fig. 5-5e. IR spectra
were acquired for the last 120 s of OCV and each constant current condition to allow the potential
response of the chip to stabilize. Each IR spectra obtained was averaged over 300 measurements

with a spectral resolution of 4 cm™ and is shown in Appendix C.

5.2.4 PEM water content

The IR spectrum acquired during OCV was used as the reference state I, and IR spectra acquired
with current applied to the chip were used as the operating states I. The attenuation coefficient for
water u,, was determined based on the transmission data for 1 um of liquid water at room
temperature (25 °C) published by Hale and Querry, which is also available on the Refractive index
database for convenience.!”"!7? The change in the transmission of water was neglected for higher
temperatures, as changes in the thermal transmission coefficient can be on the order of 10 K!.%

The transmission data of Hale and Querry was interpolated over the cropped wavelength range



96

between 9.8 pm and 11.5 pm (1020 cm™ and 870 cm™!, respectively) through the following

polynomial fit:
T, (A) = —0.026A% + 0.5041 — 1.497 Eq. 5-1

where T, is the transmission of water and A is the wavelength of light being transmitted. The
transmission for the characteristic length of 1 um of water (l.) was then converted to the
absorbance per pm of water (u,, [um™]) through the following negative base 10 logarithmic

function:

Tw (/D) 1 Eq. 5-2

1, (A) = —logo (—100% .

Acquired spectra or images were processed through the Beer Lambert law to determine the change

in membrane water content [, (um) from its reference state I, to its operating state I:

I4) ) Eq. 5-3

W) == "3y los (IO(A)

Following the Beer Lambert law, [,,, values were averaged (E) over wavelengths surrounding the
IR transmission peak of interest (10.4 um to 10.9 pm wavelengths or 962 cm™ to 917 cm’!
wavenumbers). The following relation was used to convert [, to the percent change in water
saturation (AS [%]) relative to the thickness of the PEM and PDMS film:

AS = l—w Eq. 5-4
tpEM+PDMS
where tppy+ppus 1S the combined thickness of the PEM and PDMS film, measured ex situ to be
106 pm. Positive AS values corresponded to increased membrane hydration, and negative AS
values corresponded to membrane drying. AS was used to quantify changes in membrane
hydration instead of through Ay, as in Eq. 4-1 for clarity. Specifically, values for Ay, are
unitless and unknown for the reference state acquired at I, since IR spectra were only acquired
after the PEM had been hydrated to a degree. Additionally, using a Ay, value may be heavily
skewed as only a single data point acquired through IR spectroscopy. Therefore, AS was used to

interpret changes in membrane hydration as a percentage.
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5.3 Results and discussion

5.3.1 Electrochemical performance

The electrochemical performance of the chip was monitored to examine the performance of the
PEM during operation. Polarization curves for all operating conditions are presented in Fig. 5-6a,
where each point on the polarization curve was averaged from the final 120 s of constant current
operation. Each flow rate was chosen to target either ohmic or mass transport dominated
overpotential. Specifically, the lower flow rate (20 pL min™') was chosen to target mass transport
dominated overpotential and exhibited exponential increases in cell potential followed by
immediate cell failure. This was confirmed by each lower flow rate condition failing after an
applied current density of 75 mA cm™. In contrast, the higher flow rate (100 pL min™') was chosen
to target ohmic dominated overpotential. Considering the polarization curves with the higher flow
rate, a linear trend was observed for each temperature condition, confirming ohmic dominated
overpotential. Additionally, higher temperatures enabled higher current density operation and
exhibited reduced slopes (Fig. 5-6a), which indicated either reduced ohmic overpotentials or

improved reaction kinetics.
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Fig. 5-6: (a) The polarization curve of all experimental conditions, where each point is presented

as the average potential from the final 120 s of galvanostatic operation. (b) The ohmic resistance
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averaged over each current density from staircase galvanostatic EIS. Error bars are reported as

the standard deviation.

Given the novelty of the electrolyzer design, a comparison of its electrochemical performance to
similar designs and industrial grade PEM electrolyzers needed to be evaluated to assess the
viability of the acquired results. The ohmic resistance of the operating chip was extracted through
a combination of EIS and fitting the equivalent electrical circuit used by Chevalier et al. and is
reported in Appendix D.'*° Fig. 5-6b shows the ohmic resistance for each experimental condition,
which was averaged over each current density from staircase galvanostatic EIS. While this design
excels in its transparency in the IR domain bordering mid- and far-IR, the ohmic resistance was an
order of magnitude higher than conventional electrolyzer and fuel cell stacks.'#®!”3 Additionally,
ohmic resistance measurements were highly unstable due to the chip’s high sensitivity to gas
formation, residence, and removal at the small active area (0.08 cm?). The high ohmic resistance
and instability were due to the large path of ion transport. Ions were required to traverse from the
anode through 38 pm of 0.5 mol L' sulfuric acid to the PEM, through a minimum of the 1.2 mm
inter-electrode distance, then back through the sulfuric acid to the cathode. Nevertheless, the chip
was able to achieve competitive current density operation (>25 mA cm™ at 2.5 V) with other

similarly designed electrolyzers (lit.,!”*!”> 17.5 mA cm™? at 2.5 V).

5.3.2 Polymer electrolyte membrane water content

The PEM hydration in the operating chip was quantified and compared to the respective potential
response at each operating condition. The PEM hydration was expressed as the change in water
saturation from the reference state (OCV), as calculated in Eq. 5-4. In Fig. 5-7a, the change in

water saturation for each current density at a flow rate of 20 pL min’!

is shown, where mass
transport overpotential was the cause of cell failure. At this flow rate, the PEM water content
showed insignificant changes until the highest achieved current density (75 mA cm), when a
reduction in the membrane water content occurred. This behavior was observed for each
temperature condition with the largest decrease of -0.57 % in water saturation at cell failure, which
could be interpreted as membrane drying. Specifically, at the lower flow rate, product gas was less
likely to be removed from the channel, which dried the membrane and increased mass transport

overpotentials, causing cell failure. This behavior is confirmed in the literature using X-ray and
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19,146,176

neutron based techniques, and validates the presented FTIR spectroscopy setup as a method

for discriminating the cause of cell failure based on the PEM hydration.

(a) 20 yL min" (b) 100 pL min™" (c) 75 mA cm™
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Fig. 5-7: The change in PEM water saturation for each operating condition at a flow rate of (a)
20 uL min™, (b) 100 uL min™, and (c) for both flow rates and at a current density of 75 mA cm™.
Error bars are reported as the standard deviation for each measurement in the cropped IR

spectrum.

At a flow rate of 100 uL min™', the change in PEM water saturation showed both increases and
decreases (Fig. 5-7b), for which no concurrent changes in the electrochemical performance (Fig.
5-6a) were observed. Comparable membrane drying to the low flow rate condition was observed
to occur at 20 °C for current densities from 50 mA cm™ to 100 mA cm%; however, the higher flow
rate of 100 uL min™' was able to sustain electrochemical performance up to a failing current density
of 125 mA cm™. This behavior was expected, as the higher flow rate was able to provide sufficient
reactant delivery and product removal, which enabled improved current density operation
dominated by ohmic losses. However, at temperatures of 40 °C and 60 °C, membrane drying was
not observed, and changes in the PEM water saturation were within 0.1 % for all current densities.
The difference in measurements across all temperature conditions at 100 L. min™' was attributed
to the nature of FTIR spectroscopy, as the area for characterization was limited to the 90 pm beam

spot size.

For both flow rates, the change in membrane water content was significantly lower for higher

temperatures. In Fig. 5-7c, the relationship between the change in water saturation and temperature
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is presented for a current density of 75 mA cm™, for which the largest reductions in the membrane
water content were observed at 20 °C. At higher temperatures (40 °C and 60 °C), all experimental
conditions (flow rate and current densities) showed changes in membrane water content
within -0.2 % to 0.1 %, which were attributed to the PEM’s higher water uptake for higher
temperatures. This was supported by the literature, which reported that higher temperatures in
PEMs were associated with higher electro-osmotic drag coefficients, water uptake, and protonic
conductivity.!”-1% Additionally, further increases in membrane hydration from the reference state
did not occur, despite the performance increase from 40 °C to 60 °C (Fig. 5-6a). Therefore, the
performance increase was attributed to improved ohmic performance or reaction kinetics at higher

temperatures.

5.4 Chapter summary

A microfluidic PEM electrolyzer that is semi-transparent in the IR domain (bordering mid- and
far-IR) was developed as a platform for characterizing the operando PEM water content. Two
modes of electrochemical failure were explored to observe the membrane water content over a
range of applied temperatures. The lower flow rate drove mass transport-dominated cell failure up
to current densities of 75 mA cm™, for which a reduction in membrane water content occurred,
while the higher flow rate drove ohmic-dominated cell failure and sustained improved current
densities of up to 225 mA cm™. The electrochemical performance of this chip was comparable to
similar architectures presented in the literature but was specifically designed to be semi-transparent
in IR, enabling the membrane water content measurements. While the ohmic resistance of the chip
was an order of magnitude higher than a conventional full-scale fuel cell or electrolyzer, this could

be reduced by optimizing the large path of ion transport.

The membrane hydration was characterized via operando synchrotron FTIR spectroscopy for the
first time, where the change in water saturation was measured while current was applied. A
reduction in water saturation was observed immediately before cell failure for the lower flow rate
conditions (largest reduction of AS was -0.57 %), which demonstrated membrane drying with cell
failure. Furthermore, the change in water saturation and temperature was observed for both flow
rates, where the improved water uptake with higher temperatures (i.e. 40 °C and 60 °C) caused the

least variation in the membrane water content (which ranged from -0.2 % to 0.1 %).
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The results presented in this chapter acted as a first step for evaluating the PEM in an operating
electrolyzer using IR techniques. While results using this configuration were limited to local
information at the IR beam’s position on the chip, this aspect is improved for the work in the
following chapter which implements a suitable IR source and camera, thus enabling the
visualization of global water transport through the PEM. Nonetheless, these methods and results
using FTIR spectroscopy were sufficient for determining effects of membrane hydration on

electrochemical performance of the electrolyzer.



6 Investigating inter-electrode water diffusion in a
microfluidic polymer electrolyte membrane electrolyzer via
operando infrared spectroscopic imaging

6.1 Introduction

In this chapter, a combination of both classical and novel characterization techniques was applied
to the infrared (IR) transparent electrolyzer fabricated in the previous chapter to distinguish loss
sources and improve our understanding of transport mechanisms within the polymer electrolyte
membrane (PEM) of the electrolyzer. This was achieved by operating the electrolyzer with three
H>SO4 anolyte concentrations under potentiostatic operation. It was found that while
electrochemical performance was relatively similar between each anolyte concentration, the
standard deviation of the measured current densities increased with higher anolyte concentrations.
A combination of electrochemical impedance spectroscopy (EIS) and distribution of relaxation
times (DRT) was applied to quantify ohmic losses and to elucidate the effect of anolyte
concentration on discrepancies between their electrochemical performances. Additionally, kinetic
and mass transport losses were found through these techniques and was observed to become larger
for higher anolyte concentrations. Then, global electrochemical results were compared to global
imaging results presented as the channel wetness of the electrolyzer from images. The cathode
channel wetness in particular was higher for higher anolyte concentrations while the anode channel
wetness remained constant, indicating that a water diffusion gradient from anode to cathode

developed for higher anolyte concentrations.

These water diffusion gradients were investigated through local regions within images. Profiles of
water diffusion gradients in the PEM was found to be dependent on the local adjacent channel’s
wetness. Furthermore, the change in the PEM’s water hydration between electrodes was visually
quantified for the first time. Based on the results of this chapter, we recommend that the
electrolyzer fabrication be further developed to include components similar to porous transport
layers that are common in industrial water electrolyzers. Effective water management in the

electrolyzer channels will promote consistent PEM and channel wetness, thereby enabling

102
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investigation water transport in the PEM under improved conditions. This work is currently in

preparation for submission as a journal article.

6.2 Methods

6.2.1 Break-in procedure

A pristine microfluidic PEM electrolyzer was fabricated (methods detailed in Section 5.2.1), and
the same break-in procedure from Klug — used in the previous chapter that was modified for use
with water electrolysis — was applied again here to improve the electrochemical performance of
the electrolyzer.!%® Specifically, the electrolyzer was operated under potentiostatic conditions with
a potentiostat (BioLogic SP-300) that cycled through 2 V, 2.25V, and 2.5V for 2 min at each
potential and was repeated for 30 cycles for a total break-in time of 3 hours. As experiments in this
chapter were performed at I2M, the length of the break-in procedure could be extended compared
to the experiments performed at the synchrotron facility in the previous chapter, for which beam
time was limited. The first 2 hours of the break-in procedure were performed with DI water
(18.2 MQ cm) to break in the membrane. The DI water was supplied to the electrolyzer with a
syringe pump (Cetoni Nemesys) at a flow rate of 100 uL min™! for each channel. For the last hour
of the break-in procedure, reactants for both channels were replaced with 0.1 mol L' sulfuric acid
to replicate the acidic water-splitting conditions that the electrolyzer would be operated at for
experiments. DI water was used for the break-in procedure instead of H2SO4 to limit any possible
corrosion of the Pt electrodes that may occur when interacting with H2SO4. This was to preserve
the electrolyzer, as the fabrication method is irreversible. Nonetheless, Pt corrosion with
0.1 mol L' H,SO4 was not expected to be significant for the break-in procedure at this time

scale.'®

6.2.2 Experimental setup

An in-house IR spectroscopy setup (Fig. 6-1) was developed for operando imaging of the PEM
electrolyzer. Light was produced from a black body source with a temperature of 1400 K. The
emitted light was collimated (Thorlabs ID75Z/M) and then filtered to a wavelength of 4 ym
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(wavenumber of 2500 cm™) using a band pass filter. The filtered beam was collimated again
(Thorlabs ID25/M) before being attenuated by the sample, and then captured by an IR camera
(FLIR SC7000 with InSb sensor). Images were captured with a spatial resolution of 21.6 pm px'.
A computer was connected to the IR camera and a chopper positioned between the first collimator
and the band pass filter to align the frequency of the chopper to the camera’s frame rate. The
synchronization between the chopper and the IR camera was configured such that captured images
would alternate between raw images (I,4,,) and dark-field images (I;4,x), as shown in Fig. 6-Ic
and Fig. 6-1d. Raw images in Fig. 6-1c show the features of the microfluidic electrolyzer, where
the PEM covers the entire image, each channel can be seen, as well as the respective electrodes
that block the beam. Additionally, liquid reactants and gaseous products can be visually
differentiated through differences in the image’s digital level (DL). A higher concentration
electrolyte flowed through the anode channel for the sample image shown Fig. 6-1c and Fig. 6-1d,

which attenuated the beam more than the electrolyte that flowed through the cathode channel.
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Fig. 6-1: (a) Schematic of the experimental setup used. (b) Photo of the experimental setup without
the microfluidic electrolyzer, potentiostat, temperature controller, and syringe pump. When the
chopper is (c) open, raw images l.aw are captured, and when the chopper is (d) closed, dark images

Liark are captured.

6.2.3 Experimental protocol

The water content in the PEM of the microfluidic electrolyzer was determined for acidic water

splitting using dilute H>SO4 electrolyte while IR images were concurrently acquired. For acidic
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water splitting, protons (H" ions) are consumed at the cathode (Eq. 1-2). Supplying higher anolyte
H>SO4 concentrations was hypothesized to saturate the H' ion availability in the anolyte channel.
Moreover, characterizing different electrolyte concentrations is well suited for the combination of
microfluidics and spectroscopy. If the increased proton concentration in the anode channel
increases the electro-osmotic drag rate of water molecules through the membrane to the cathode,
water gradients would ideally manifest between the anode and cathode that could be visualized

through the IR images.

To exaggerate this phenomenon, three anolyte concentrations (0.1 mol L™, 0.5 mol L', and
1.0 mol L") were selected and the catholyte H2SO4 concentration was held constant at 0.1 mol L.
A syringe pump was used to flow each reactant at 100 uL min™!, and the temperature of the
electrolyzer was held constant at 60 °C through a custom copper thermistor (Captec, Appendix A)
that was inserted between the electrolyzer and the stage. The temperature of the copper thermistor
was controlled through an externally connected proportional-integral-derivative (PID) controller
(details in Appendix A). Both the reactant delivery to the electrolyzer and its temperature control

were maintained for 15 min before potential was applied.

The electrolyzer operation was separated into 4 cycles per anolyte concentration for a total of
12 cycles. Each cycle consisted of open circuit voltage (OCV) operation for 30 s, then a constant
potential step at 2.5 V for 15 min, followed by three potentiostatic EIS sweeps centered at 2.5 V
with an amplitude of 10 mV (frequencies from 5 MHz to 50 mHz with 10 steps per decade).
Immediately after beginning OCV, 500 frames of images were acquired at a frequency of 25 Hz
every 5 min until the potentiostatic EIS sweeps were complete. Eight images were acquired for
each cycle and concentration, with exceptions of seven images acquired for cycle 1 and cycle 3
with 0.1 mol L™! anolyte. A schematic describing the experimental protocol is shown in Fig. 6-2.
Each 500 frame image stack acquired images alternating between I,.,,, and I;4,, such that 250

frames of each were acquired per image stack.
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Each time this occurs is considered 1 cycle, repeat 4x per anolyte concentration
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Fig. 6-2: Flowchart schematic of the experimental protocol. The number of acquired images for

each cycle and anolyte concentration of the experiment is shown.
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6.2.4 Anolyte concentration

As the anolyte concentration was varied for these experiments, the effects of its fluidic properties
must be evaluated as they may strongly affect the electrolyzer performance. For example, the
volume of electrolyte in contact with the electrode surface (i.e. the usable active area) may be
affected by the changing anolyte viscosity. There are two measures of fluid viscosity, dynamic and
kinematic. Dynamic viscosity is a measure of a fluids internal resistance, and kinematic viscosity
is the ratio of the dynamic viscosity to its density.!8! The relevant parameters for the viscosities of
each anolyte concentration are shown in 7ab. 6-1. Relative to the lowest HoSO4 concentration of
0.1 mol L', the intermediate H>SO4 concentration of 0.5 mol L™! has a 6 % higher kinematic
viscosity and an 8 % higher dynamic viscosity, and the highest H,SO4 concentration of 1.0 mol L!
H>SO4 has a 13 % higher kinematic viscosity and an 18 % higher dynamic viscosity. Fluidic
properties of the anolyte (and catholyte) are directly tied to the mass transport of the electrolyzer,
as critical electrochemical mechanisms such as the usable active area of the cell or local/global

bubble generation and removal are strongly influenced by these parameters. '!182

Tab. 6-1: Fluidic properties of H:SOq4 for each concentration used in experiments.'3318
Concentration Density Kinematic viscosity =~ Dynamic viscosity
Cc P 1% u
(mol L) (gmL™) (cSt or mm?® s™) (cP or mPas)
0.1 1.01 1.01 1.02
0.5 1.03 1.07 1.10
1.0 1.06 1.14 1.21

6.2.5 Changes in membrane hydration

Acquired images must be processed using a rewritten Beer Lambert law due to the experimental

setup. As the IR camera captures both IR light and the proper emission of the sample, the proper
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emission component must be removed to determine the amount of IR light attenuated by the
sample. The proper emission of the sample can be determined through simple means, either by
turning the beam off or blocking it to capture dark-field images, such as when the chopper is

closed. Consequently, the revised Beer Lambert law can be rewritten as such:

< I(x'y't)_ldark(x'y't) ) Eq 6-1

1
l,(x,y,t) = ——1Io
v Y H g IO(xlyit)_IO,dark(xlylt)

w
where [ is the operating image acquired while potential is applied to the electrolyzer [-], I, is the
reference image acquired while the electrolyzer is operated at OCV [-], I 4,1 1s the dark-field
image acquired with the chopper closed [-], u, 1s the attenuation coefficient for water at a
wavelength of 4 um [um™'], and [, is the change in the length of water through which the beam is
attenuated from the reference state to operating state [um]. As images were acquired alternating
between I (previously denoted as I,.4,,) and 1;4,, the subsequent I, frame was subtracted from
the previous frame of [ when Eg. 6-1 was applied. A water attenuation calibration was performed
using the experimental setup detailed in Section 6.2.2 to calculate y,, at the specified wavelength,
which was determined to be 5.9-107 um™ (4ppendix E). The change in the length of water in the

beam path can be converted to the change in membrane hydration (4y,¢) [-] through the following

relation:
_ C..2xy1t
Ahyo(x,y,t) = —2——— Eq. 6-2
Cso3ﬂ,px2
where C,, ,,2 is the concentration of water in the PEM per square pixel [mol px?] and C SO H px?

is the equivalent per sulfonate site in the PEM [mol px2]. Each concentration component can be

determined through the following equations:

Ly(x,y,)pyresy,
M,

Cw,pxz (x' Y t) = Eq. 6-3

Cso,npx2 = TAC pppy tppm T€S)py Eq. 6-4
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where p,, and ppg), are the densities for water and the PEM [g cm™], respectively, TesSpyy 1s the
resolution of a square pixel [um? px2], M,, is the molar mass of water [g mol™'], TAC is the total

acid capacity of the PEM [g molsosn™'],'% and tpg, is the thickness of the PEM [pm].

In the literature, membrane hydration is typically denoted through 4 (44,0 here for clarity), which

is the water content of the PEM.*+101.177.180.186,187 2

,0 18 typically measured ex-situ to quantify the
PEM water content when hydrated from a completely dry reference state. It is important to note
the difference between the Ay, reported in the literature and m here, which is change in water
content of the PEM from the reference state at OCV (from [,, in Eq. 6-1), instead of being
completely dry. m is used as a value relative to A, o, as it is unfeasible to reliably and repeatedly
acquire images of the a completely dry membrane for the electrolyzer design used here. This is
because completely dehydrating the membrane causes membrane shrinkage, which introduces the
risk of leaks for the electrolyzer channels. Furthermore, there are a couple more issues that make
this unfeasible, such as accurately aligning the electrolyzer to the camera over the experimental
time scale (ranging over a couple days) and a perfect experimental setup. As images were acquired
throughout the experiment, any minor misalignments of the electrolyzer’s positioning between the
reference and operating images would require lengthy image post-processing routines. By a perfect
experimental setup, this would be under the assumption that the power of the blackbody source is
constant, and that the DL captured in images acquired by the camera would also be consistent over

the experimental time period. None of these conditions represent real-world measurements, which

is why A4, was determined with reference to the water content of the membrane from OCV.

Consequently, Ay, values determined from Eg. 6-2 were lower than other studies that present
Au,o through ex-situ measurements.*'®" Therefore, a comparable metric to other studies, such as
by Chadha et al.,” is the difference in membrane hydration between electrodes Ay, o, which is

expressed as:
AZh,0 = AHy0,a — AHp0.c Egq. 6-5

where Ap,0, and Ay, represent the membrane water content at the anode and cathode,

respectively. Ay, 04 and Ay, 0 - cannot be directly measured, as the IR beam is attenuated by either
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the electrodes or any electrolyte in the channels near the electrodes. Therefore, Ay, values can be

substituted for Ay, 4 and Ay, ¢, such that A1y, can be determined.

A/lﬂzo(x’ y) = AHZO,a(x' y)— lﬂzo,c(x: y) Eq. 6-6

6.2.6 Distribution of relaxation times

The distribution of relaxation times (DRT) is a method that when combined with electrochemical
impedance spectroscopy (EIS) data (e.g. Nyquist plots), can transform the data from the frequency
domain to the time domain. This enables another angle of data analysis without prior knowledge
of the dataset it is applied to.!?#!83-19 The DRT algorithm detailed in the remainder of this section
was developed by Adéle Créte Lawrence under the supervision of Stéphane Chevalier.'”® When
considering data that is dependent on multiple time constants, such as EIS applied to water
electrolysis, DRT analysis essentially allows the time constants to be pseudo reverse engineered
by fitting them to the Voigt model. The Voigt model is a series of N, (total number) parallel RC
circuits, for which each RC circuit has an individual time constant 7, = R} Cy, and is described as

follows:

N

T hk
Zppr = kzl 1 +jw_Tk ~ Zmeas Eq. 6-7

where Zpgr is the DRT fit of the impedance density [Q cm?], Z,,,045 is the measured impedance
density [Q cm?], hy, is the absolute polarization contribution of each RC element [Q cm?], w is the
angular frequency, and j = v/—1 is the unit imaginary number. The relationship between the
distribution function h(7) and the time constants (7) will be used to extract information from the
DRT model. Then, the DRT function h(7) can be obtained by solving the following non-negative

linear least squares problem:
x= argmin||Ax — b||2, such that x, > 0V k € [1,N,] Eq. 6-8

Considering the EIS data, each matrix and vector for the problem can be expanded to consider the

DRT.
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x=(hyhyhy) Eq. 6-9

Re{Z
— ( { meas}) Eq 6-]0
Im{zmeas}
1 1
Re {1 + iwl‘[l} Re {1 + iwl‘[Nt}
1 1
A= e {1 + i“’”frl} ooRe {1 + infTNT} Eq. 6-11
J (Y S S R SR B “
1+ ia)lTl 1+ iwITNT
| 1 | 1
mT¥ lowy Ty mT¥ lowy Ty

However, this model cannot be applied directly to EIS data from an electrolyzer, as the measured
impedance from these systems includes a constant contribution from the ohmic resistance of the
electrolyzer. Therefore, an extended DRT (eDRT) to include the Ohmic resistance (Rg) is

rewritten as:

N:
h;
eDRT kzl 1+ iwt, @ g

The equivalent electrical circuit (EEC) for the eDRT is shown in Fig. 6-3. The addition of the R
component can be processed simply as this parameter can be appended to the solution vector x =
(h1 oy, R), while no changes in vector b are required, and the A matrix required an additional

column:

_ |Are e R¥Me 1 € R T

Ap € RVPN: 0 g RN¥1 Eq. 6-13
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Fig. 6-3: The equivalent electrical circuit used for the DRT model circuit.

Then, the problem could be solved to obtain the distribution function h(t) from the eDRT. The
total area under the fitted eDRT curve was expected to be relative to the total polarization of the
system. Next, the eDRT can be decomposed into individual Gaussian peaks, where each peak
provides information of a unique physical process and is represented by one RC element in the
EEC. The time constant T of each peak is considered to be the frequency at which the average of
each Gaussian peak is centered. The capacitance of each RC element can then be estimated by
dividing the average by the area of the Gaussian peak. It is important to note that the number of
decomposed peaks obtained is dependent on the quality of the dataset, and that the physical

processes in the electrochemical device do not directly correspond to the behavior of RC elements.

DRT optimization problems are ill-posed, therefore requiring regularization to obtain meaningful
results. Tikhonov regularization is the most widely used DRT regularization method, which is
known to introduce bias to the cost function in order to reduce the variance of the solution.'*! The

following 0™ order regularization is used to bias the parameter estimates towards zero.
2 2
X = argmin(HAx — b||” + A||Ix]| ) Egq. 6-14

where [ is the identity matrix and A is the regularization parameter. The larger that the
regularization parameter is, the shorter and wider that distribution function peaks will be. If the
parameter is too small, the impact of noise will affect the distribution, and if the parameter is too
large, peaks will combine and obscure results. While higher order Tikhonov regularization exists,
0™ order regularization is best suited for this application, as distribution function values are

expected to be close to zero.

A sample of the EIS data was processed through the DRT method to provide a sample distribution
functions for the first cycle of lowest and highest anolyte concentrations as shown in Fig. 6-4,

where 5 peaks are observed for each dataset. Each peak corresponds to a time constant t that is
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relative to a RC element in the eDRT, for which the capacitance can be estimated as a function of
the area and average of the peak. The time constants of the highest frequency peaks on the left side
of graphs shown in Fig. 6-4 correspond to the ohmic properties of the electrolyzer, which are
expected to be largest for lower anolyte concentrations. On the contrary, the time constants of the
lowest frequency peaks on the right side of graphs shown in Fig. 6-4 correspond to the

electrolyzer’s kinetics and mass transport. Results derived from the DRT will be interpreted in a

following section.

(a) 0.1 M H,SO, anolyte - Cycle 1 PEIS sweep 1

(b) 1.0 M H,SO, anolyte - Cycle 1 PEIS sweep 1

DRT with Tikhonov Regularization

DRT with Tikhonov Regularization
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Fig. 6-4: DRT plots with Tikhonov Regularization h(t) of the first cycle and sweep for anolyte
concentrations of (a) 0.1 M H>SO4 and (b) 1.0 M H>SO4. As the input is EIS data, the highest
frequency peak (left) likely corresponds to the ohmic properties of the electrolyzer, while the lowest

frequency peaks (right) correspond to its kinetic and mass transport.

6.3 Results and discussion

6.3.1 Electrochemical performance

The current density of the electrolyzer was investigated for each anolyte concentration at a

potentiostatic voltage of 2.5 V. In Fig. 6-5 a-c, the measured current density is shown for each
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anolyte concentration and cycle, for which each anolyte concentration operated in comparable
current density ranges. At the beginning of operation, the current density for each anolyte solution

varies between 25 mA cm™

and 30 mA cm?. Towards the end of measurements, the current
density drops between 15 mA cm™?and 20 mA cm. While each anolyte concentration has
comparable current density performance, a clear difference can be observed for the standard
deviation in current density for each anolyte concentration. Specifically, the lower the anolyte
concentration, the lower its standard deviation for the measured current density. These results
contrast with those reported in the literature, that report improved current density operation with

increased anolyte concentration.'%%1%3

Current density response at 2.5V
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Fig. 6-5: The current density response of the microfluidic PEM electrolyzer under potentiostatic
operation at 2.5 V for anolyte concentrations of (a) 0.1 mol L' H:SOq, (b) 0.5 mol L™ H:SOy4, and
(c) 1.0 mol L'" H:SOy. (d) The standard deviation for the last 30 seconds of current density is

observed to be higher with higher anolyte concentration.
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Since the difference in standard deviation measurements is unintuitive, it will be investigated
through the ohmic and mass transport losses of the electrolyzer. Considering the ohmic losses,
changes to the standard deviations are challenging to discern due to the geometry of the
electrolyzer, as the reduction in the electrolyzer’s ohmic resistance for higher anolyte
concentrations are marginal due to the long path of ion transport. The impact of ohmic resistance
is discussed further in Section 6.3.2. Considering the mass transport losses, the higher standard
deviation as a response for higher anolyte concentrations could also imply higher mass transport
losses for the microfluidic electrolyzer. Specifically, mass transport losses may occur due to the
absence of a porous transport layer or a complex electrode surface morphology.'> The inefficient
mass transport may be dependent on the fluidic properties of the anolyte (7ab. 6-1). Specifically,
higher anolyte concentrations have higher dynamic viscosities, which lead to reduced anolyte
movement. Additional mass transport losses may occur due to dry regions in the channel that stem
from the reduced anolyte movement, thereby effectively reducing the active area. The following
sections will investigate the source of the measured higher current density standard deviations

through DRT, EIS, and imaging data.

6.3.2 Coupling distribution of relaxation times with electrochemical impedance
spectroscopy
The combination of EIS and DRT analysis can be used to clarify the physical processes that occur
within the PEM electrolyzer. To reiterate how data was acquired for relevant parameters, three
potentiostatic EIS sweeps were performed for each cycle and anolyte concentration. Therefore, a
total of 12 sweeps (3 per cycle) were acquired for each anolyte concentration. Nyquist plots with
an overlapping DRT fit for the first cycle and sweep of each anolyte concentration are shown in
Fig. 6-6 a-c. As high frequency data provides information of the electrolyzer’s ohmic resistance,
the measured high frequency resistance (HFR) for each cycle and anolyte concentration is shown
in Fig. 6-6d. The HFR is observed to be lower for each higher anolyte concentration, ranging
around 4.3 Q cm? for 0.1 mol L™! H2SO4 anolyte to 4 Q cm? for 1.0 mol L™! H2SO4 anolyte. This
trend in HFR measurements was expected, as the ohmic conductivity of each anolyte increases

with its concentration, so 1.0 mol L' H,SO4 anolyte was expected to have the lowest Rg.
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Experimental Nyquist plot and DRT fit
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Fig. 6-6: Nyquist plots and their respective DRT fits for (a) 0.1 mol L”" H:SOy4, (b) 0.5 mol L™
H804, and (c) 1.0 mol L™ H2SOq. (d) The measured HER for each anolyte concentration and cycle
with error bars equal to the standard deviation for the three acquired potentiostatic EIS sweeps.

The HFR of an electrolyzer is associated to its ohmic resistance.

In the Nyquist plots, experimental measurements acquired at high frequencies were less noisy than
those acquired at low frequencies. This can be observed in Fig. 6-6 a-c¢, for which HFR
measurements (left side of Nyquist plots) align with the DRT fit much better than low frequency
resistance (LFR) measurements (right side of Nyquist plots). Given that HFR measurements
correspond to the ohmic losses (due to ohmic resistance) of the electrolyzer, LFR measurements
correspond to the kinetic and mass losses of the electrolyzer. While LFR measurements are noisy
in EIS measurements, the DRT fit can be used to discriminate the sources of losses for the

electrolyzer, providing information of the cells ohmic, kinetic, and mass transport losses. !>

The highest and lowest frequency peaks from the regularized DRT are visualized in Fig. 6-7 for
which each peak that is shown was processed through a simple low-pass area filter to remove peaks

that may be produced from noise. Specifically, for each cycle, the highest, lowest, and second
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lowest frequency peaks for the three EIS sweeps with an area of at least 0.8 Q cm?s (10 Qs
multiplied by active area of 0.08 cm?) were averaged. These peaks were averaged for the three
sequential EIS measurements acquired during the same cycle to reduce the impact of the instability
of electrochemical measurements, which can be observed in Fig. 6-6. For each anolyte
concentration, the frequencies for the highest frequency peaks align with HFR measurements from
Nyquist plots shown in Fig. 6-6. While the HFR can already be easily measured from Nyquist
plots, information from the regularized DRT peaks provide comparable information through the
areas of the peaks and the time constants which those peaks are centered around. The averaged
peak areas for each anolyte concentration (from lowest to highest) and time constants can be found
in Tab. 6-2. From low to high anolyte concentration, the time constants became larger (i.e.
frequencies became smaller, respectively) while the areas became smaller. This trend in averaged
peak area aligned with the trend in HFR measurements, which was expected as higher anolyte

concentrations are accompanied by higher electrolyte conductivites.'**
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Significant peaks from regularized DRT
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Fig. 6-7: The peaks from DRT with regularization at the highest, lowest, and second lowest
frequencies after applying a low-pass area filter to remove any peaks that may be produced by
noise. Highest frequency peaks correspond to the ohmic resistance, second lowest frequency peaks
correspond to reaction kinetics, and lowest frequency peaks correspond to mass transport of the
electrolyzer. Shown peaks are averaged from 3 sequences of potentiostatic EIS over each cycle for

anolyte H:SOy concentrations of (a) 0.1 mol L™, (b) 0.5 mol L, and (c) 1.0 mol L.
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Tab. 6-2: Peaks shown in Fig. 6-7 were averaged by peak area and time constants (t) for each
anolyte concentration to observe the trends, informing of ohmic, kinetic, and mass transport

losses in the electrolyzer.

Average of highest Average of second lowest Average of lowest
frequency peaks frequency peaks frequency peaks
Anolyte (ohmic resistance) (reaction kinetics) (mass transport)
conc. Time Time Time
-1
(mol L) constant Area constant Area constant Area
T (Qcm?s) T (Qcm?s) T (Qcm?s)
(s) (s) (s)
0.1 0.42x10°¢ 7.49 1.47x107 3.67 1.05x10* 5.05
0.5 2.98x107° 4.74 1.65x107 4.44 0.96x10™* 6.12
1.0 5.00x10°® 3.41 3.59x107 5.94 1.43x10* 6.82

The second lowest frequency peaks from the DRT are centered around a time constant of 107 (Fig.
6-7 and Tab. 6-2) and represent the reaction kinetics of the electrolyzer. From low to high anolyte
concentrations, the averaged time constant became larger (1.47x107°s, 1.65x107°s, and
3.59x107° s, respectively) (i.e. frequencies became smaller, respectively) while the averaged peak
area became larger as well (3.67 Q cm?s, 4.44 Q cm? s, and 5.94 Q cm? s, respectively). These
trends indicate that from low to high anolyte concentrations, the reaction kinetics became slower
and the corresponding losses became larger, as determined through the increasing time constants
and peak areas measured for the second lowest frequency peak. The lowest frequency peaks from
the DRT representing mass transport losses all roughly align at a time constant of 10 (Fig. 6-7
and Tab. 6-2). From low to high anolyte concentrations, the averaged peak area became larger
(5.05Qcm?s, 6.12 Q cm? s, and 6.82 Q cm? s, respectively). For these lowest frequency peaks,
the averaged time constant does not have a monotonic trend from low to high anolyte

concentration. The highest time constant (and therefore lowest frequency) is measured for the
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highest anolyte concentration (1.05x10* s, 0.96x10** s, and 1.43x10** s, from low to high anolyte

concentration).

For both the reaction kinetic and mass transport related DRT peaks, the averaged peak area became
larger for higher anolyte concentrations. Referencing the increasing standard deviation with
anolyte concentration from the previous section, the determined DRT time constants and areas can
explain why the increase in the standard deviation of current density occurs for higher anolyte
concentrations. Specifically, higher anolyte concentrations were accompanied by larger kinetic
and mass transport losses. The larger kinetic losses could be attributed to the increased rates of
platinum electrode corrosion when using higher anolyte concentrations. However, this conclusion
is challenging to validate in the electrolyzer without assessing the surface quality of the electrodes
between supplying different anolyte concentrations, which was not performed for the work
presented in this chapter. While reaction kinetics cannot be visualized with IR images due to the
platinum electrode’s complete attenuation of IR, mass transport phenomena such as bubble growth

and detachment can, and will be investigated in the following section to elucidate these behaviors.

6.3.3 Mass transport in images compared to low frequency measurements

The effects of mass transport in the microfluidic PEM electrolyzer were quantified in the previous
section through DRT measurements from the lowest frequency EIS data. In this section, the anode
and cathode channel wetnesses will be used as a global PEM hydration measurement for
comparison over similar time scales. Of the 8 image sets acquired per cycle, the fifth to seventh
images were considered for channel wetness calculations, as potentiostatic EIS sweeps were
performed during the acquisition of these images. Recall the geometry of the electrolyzer as shown
in Fig. 6-8 a and b. The wetness in each channel was determined for the two areas between the
electrodes and PDMS channel separator (red bars in Fig. 6-8c), each with heights of 5 px and
widths of 320 px (spanning the entire image). These regions were selected as H" ions must pass
through these regions during electrochemical operation of the cell. A sample image with the areas
of interest in red is shown in Fig. 6-8c. These respective areas were binarized through the DL
thresholding method presented in Appendix F, such that wet pixels are assigned values of 1, and
dry pixels are assigned values of 0. Then, the global wetness for the area of interest of each channel

was determined by: (1) averaging over the height of the area of interest (5 px), (2) averaging over
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the width of the entire image (320 px), (3) averaging for the images of interest (image 5-image 7
out of 8 images), and finally (4) averaging over the 250 frames with the chopper open. When
considering other regions of interest for determining channel wetness percentage (i.e. in each
corner of the image), none were suitable for investigation as there would be little to no electrolyte
movement for some images, especially for higher electrolyte concentrations in the anode channel.
This was attributed to the larger proximity from the channel separator or H" ion pathways, and

results from those regions were random and inconsistent.
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Fig. 6-8: (a) A 2D overhead view with (b) an isometric view of the cell geometry used to make the
PEM electrolyzer. (c) A sample image of the PEM electrolyzer with areas of interest for the anode
and cathode channels marked by the red box in between the respective electrode and the PDMS
strip. (d) The averaged wetness percent for this area in images acquired during EIS measurements
and the corresponding (e) area and time constants for the highest and lowest frequency peaks from

the regularized DRT.
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The wetness for the areas of interest (adjacent anode and cathode channels) are presented in Fig.
6-8d as an average of the 4 cycles for each anolyte concentration to compare to the corresponding
lowest and highest frequency peaks (Fig. 6-8e). In Fig. 6-8d, the anolyte channel wetness is
observed to remain relatively constant (35 % on average) for all anolyte concentrations. The
increase in cathode wetness percentage (from 46.9 % = 4.0 % to 61.5 % £ 5.9 % for 0.1 mol L' to
1.0 mol L' anolyte) is an interesting observation, especially when also considering the mass
transport losses. For the intermediate anolyte concentration of 0.5 mol L™! in Fig. 6-8e, the trend
for low frequency peaks relative to mass transport is obscured due to the large error bars, but the
area is larger and the frequency is lower for 1.0 mol L! anolyte in comparison to the 0.1 mol L!
anolyte. While the magnitude of mass transport-associated phenomena is larger for the highest
anolyte concentration, they also occur over a longer time period. Consequently, the increase in
wetness percentage of the cathode channel could be associated with higher mass transport losses.
The higher observed cathode wetness percentages could be attributed to excessive gas
accumulation onto or poor gas removal from the cathode surface, which would thereby manifest

as more water flowing around the electrode instead of over its surface.

6.3.3.1 Summary of global electrochemical and imaging results

Unfortunately, imaging the electrolyzer through this particular orientation is one of the technique’s
shortcomings, as the fraction of reactant water and product gas flowing across the electrode surface
cannot be visualized. This is due to IR light being completely attenuated by the platinum
electrodes, obscuring mass transport effects at electrode surfaces. Overall, during electrochemical
operation of the microfluidic PEM electrolyzer presented here, a couple key phenomena were

1dentified.

(1) With increasing anolyte concentration, electrochemical performance did not show
any significant changes aside from an increase in the standard deviation in current

density measurements.

A combination of DRT and EIS were employed to investigate the effect of each loss source (ohmic,

activation/kinetic, and mass transport).
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(2) The ohmic resistance of the electrolyzer slightly decreased with anolyte
concentration, indicating that the increase in current density standard deviations
were instead due to activation/kinetic and/or mass transport contributions.
Correspondingly, DRT and EIS showed that activation/kinetic and mass transport

losses were largest with the highest anolyte concentration.

Global imaging results presented as the adjacent channel wetness was compared to the increase in

mass transport losses derived from the DRT.

(3) Only the cathode channel wetness was observed to show significant changes, which
increased with mass transport losses, increased with anolyte concentration, and

increased with the standard deviation in current density measurements.

Comparisons between electrochemical and imaging results were only compared to this extent for
global measurements. However, investigating local regions through imaging may unveil the
observed discrepancy in anode and cathode channel wetness for higher anolyte concentrations,
which could manifest as visible water diffusion gradients across the PEM-PDMS strip between

electrodes.

Peighambardoust et al. referred to two suggested water transport mechanisms in the PEM: (1)
electro-osmotic drag and (2) concentration gradient driven diffusion, which can both be
investigated through imaging.'°® Visualization of and then interpreting water gradients induced by
either electro-osmotic drag from H' ion transport across the PEM or water diffusion across the
membrane could be promising for elucidating membrane transport mechanisms in the PEM when

given certain interfacial wetness conditions.

6.3.4 Segmenting images into local regions

Here, the membrane hydration in local regions of the same operating electrolyzer was visualized
through processed images using combination of both raw and Ay,, image sets. Both image sets
were used for analysis to investigate changes in membrane hydration (determined from Ay,

images) for local regions that contained different combinations of adjacent channel

wetness/dryness (determined from raw images). Water transport in the electrolyzer was then
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investigated for three characteristic regions (wet: anode and cathode channels both contain
electrolyte, dry: anode and cathode channels both in absence of electrolyte, and hybrid: dry anode
channel and wet cathode channel). In Fig. 6-9a, each component of the electrolyzer is shown for
a sample raw image with three red boxes that represent the areas for each characteristic region. For
this analysis, only one sample image was used (1.0 mol L! anolyte, cycle 1 image 7), for which
the sample image was selected such that these three characteristic regions could be observed
simultaneously. These same regions are labeled for the m image in Fig. 6-9a, where the water
gradient in these characteristic regions was used to investigate PEM water transport mechanisms.

An,0,a and Ay, o from Eq. 6-6 will be considered at the y values in the red boxes from Fig.

6-9 a and b that are closest to the respective electrodes.
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Fig. 6-9: (a) A corresponding sample image at cycle 1 with 1.0 mol L™ anolyte with all cell
components labeled on the left, and the three local regions that are denoted by red boxes were
investigated. From left to right, first is the wet region, where the adjacent channels contain the
electrolyte. Second is the hybrid region, where the immediately adjacent anode channel is dry
while the adjacent cathode channel is wet. Third is the dry region, where both adjacent channels

are dry. The (b) change in membrane hydration Ay,q is characterized for the red boxes that

represent each of these regions.
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Each region was defined based on the wetness in the immediately adjacent channel (white box
above/below red box in Fig. 6-9a). Specifically, the channel wetness was determined for pixels
within the white boxes in Fig. 6-9a, which have the same length in the x-direction as each
respective region and a height in the y-direction of 5 px. Each frame of the image stack is binarized
and each pixel was converted into values of 0 for dry and 1 for wet based on a DL threshold.
Specifically, a histogram of the DL for images was applied to the image, and the DLs for dry and
wet pixels were compared. Details for the DL threshold binarization can be found in Appendix F.
The wetness of each channel was then expressed as a percentage determined from the average of
all pixels in the white box per frame, which was averaged again for all 250 frames with the chopper

open.

Considering the experiment with 1.0 mol L™ anolyte from cycle 1 image 7 and the specific regions
in Fig. 6-9 a and b, the leftmost region has an anode channel wetness of 100 % and cathode
channel wetness of 87.5 % and will be hereon referred to as the wet region. Next, the middle region
has an anode channel wetness of 43.0 % and cathode channel wetness of 70.6 % and will be
referred to as the hybrid region, and finally the rightmost region has an anode channel wetness of
0.3 % and a cathode wetness of 38.2 % and will be referred to as the dry region. Binarized images
were averaged to visualize the movement of water in the adjacent channels where 0 corresponds
to a dry channel and 1 corresponds to a wet channel. It is important to note that the influence of
bubbles on the fluid dynamics in this particular electrolyzer are inefficient due to the morphology
of the electrodes, and also because the cell was fabricated in absence of a porous transport layer.
The smooth electrode surface combined with the lack of a porous transport layer causes low bubble
contact angles that can complicate bubble removal.!>!*> The reported wetness percentages for each
characteristic region may be strongly influenced by the lack of components/morphology for
improving mass transport. The following section will investigate the sample image from the
experiment with 1.0 mol L' anolyte, cycle 1 image 7, for which the images can be found in
Appendix G (wetness percentages for each characteristic region were determined from these

images).
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6.3.5 Effect of local channel wetness on PEM hydration

With each region defined in the previous section, changes in membrane hydration (m) will be
investigated. In each region, m will be compared in terms of five evenly spaced columns and
rows to observe how the adjacent channel wetness affects local PEM hydration. Each column of
interest in the characteristic regions can be directly related to Am, as the columns of interest can
represent the path of proton transport from the anode to cathode. However, particles/imaging
artifacts that interfere with imaging may also affect the m profile of each column. Am values
would consequently be especially sensitive to noise from these artifacts because each characteristic
region only has 10 px in the y-direction. To dampen the effect of these imaging artifacts, a linear
trend is assumed for Am changes over the y-direction of the region of interest, and is then fitted
over the 10 px length in the y-direction. For any column of interest at a given x-position, the fitted

change in membrane hydration across the y-direction (between the electrodes) can be defined:
Adpe(x) = a1x + ag Egq. 6-15

where a; and a, are coefficients fitted for each column of interest which is shown in Fig. 6-10b
as dotted fit-lines and the values for each coefficient is summarized in Appendix G. For each of
the five rows of interest in the characteristic regions, the m profiles can be used to elaborate the
effects of adjacent channel wetness in the direction of flow, and any biases in membrane hydration

that may exist towards electrodes can be identified.

The wet region is shown in Fig. 6-10a, with the positions for five evenly spaced columns and rows
of interest shown along the edge of the m field. The m profile for each line of interest was
plotted in Fig. 6-10b for columns and Fig. 6-10c for rows. Considering the columns of interest, a
slight increase in m can be seen in the direction of flow. As shown in Tab. 6-3: and Fig. 6-10d,
the corresponding fitted values of AE ranges from -0.23 to -0.089 and has an average value of -
0.16, indicating a slight reduction in membrane hydration between the electrodes of the wet region
from the reference state at OCV. However, each row of interest (Fig. 6-10c) increases in m
from values around 1.4 to 2.0 in the direction of flow, regardless of the respective row’s y-position.

These changes in Ay, indicate that when the adjacent channels contacting the PEM are wetted
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and contain electrolyte, the membrane hydration will consequently increase in the direction of

flow, without a bias towards either electrode.

Tab. 6-3: A compilation of all Am values determined from each of the three characteristic

regions. The same Am values for each characteristic region is shown in Fig. 6-10d, Fig. 6-11d,

and Fig. 6-12d for the wet, hybrid, and dry regions, respectively. Values used to determine Am

can be found in Appendix G.

Wet region  Hybrid region  Dry region
Column of interest

Al Al Al

-0.18 1.14 -0.10

-0.095 0.88 -0.23

-0.23 0.90 -0.51

-0.22 0.83 -1.02

-0.089 0.70 -1.04

Average -0.16 0.89 -0.58
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Fig. 6-10: (a) The wet region of interest with the change in membrane hydration for five (b)
columns and (c) rows shown for the chip. Column and row positions are indicated by color on (a),
which correspond to the plotted colors on (b) and (c). In (b), the profile of each column is fitted
using Eq. 6-15 and the coefficients can be found in Appendix G. (d) The Am values with respect

to each column of interest in (b). The electrolytes flow from left to right.
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While the membrane hydration consistently increased along the direction of flow for the wet
region, in the hybrid region, changes in membrane hydration for both m and Am followed a
different trend. The change in membrane hydration for the hybrid region is shown in Fig. 6-11. In
this characteristic region, column data shows that m is highest on the anode side (y = 1, top of
Fig. 6-11a) and lowest on the cathode side (y = 10, bottom of Fig. 6-11b), creating a water gradient
from the anode to cathode that was alluded to in Section 6.3.3. The corresponding AE values
(shown in Tab. 6-3 and Fig. 6-11d) have an average of 0.89 for the hybrid region, and in the
direction of flow AE decreased from 1.14 to 0.70. As the hybrid region immediately followed
the wet region in the direction of flow (or by increasing x-position), the column with the smallest
x-position in the hybrid region was expected to have the highest m values. Since the hybrid
region is drier for both the anode (from 100.0 % to 43.0 % channel wetness) and cathode channels
(from 87.5 % to 70.6 % channel wetness), the decreasing trend of m in the direction of flow
was expected. Considering the rows of interest, the water gradient from the columns of interest
could also be visualized, as the rows closest to the anode consistently have a higher m than
those closest to the cathode side. Overall, the results from the hybrid region show higher PEM
water uptake at the anode side from OCV, despite the anode channel wetness of 43.0 % being
lower than the cathode channel wetness of 70.6 %. While the anode channel wetness is lower than
that of the cathode, the change in PEM hydration was still higher on the anode side. This result
supports the previous hypothesis (Section 6.3.3) of the higher mass transport losses being tied to

the cathode for this anolyte concentration.
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Fig. 6-11: (a) The hybrid region of interest with the change in membrane hydration for five (b)

columns and (c) rows shown for the chip. Column and row positions are indicated by color on (a),

which correspond to the plotted colors on (b) and (c). In (b), the profile of each column is fitted

using Eq. 6-15 and the coefficients can be found in Appendix G. (d) The Am values with respect

to each column of interest in (b). The electrolytes flow from left to right.
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For the dry region, the PEM hydration was observed to decrease in both Ay, and Ads,;. In Fig.
6-12a, the dry region of the membrane is shown, where m gradients can again be observed both
in the direction of flow (x-direction) and between the electrodes (y-direction). Considering the
columns of interest in Fig. 6-12b, the dryness of the channel was observed in parallel with m
becoming increasingly dry in the direction of flow. Specifically, the lightest colored columns have
the highest m values and has the lowest AE value of -0.10, indicating very little change from
the reference state at OCV. As the columns of interest get darker in color, the m values decrease,
in addition to reduced AH values down to -1.04, as shown in 7ab. 6-3. The average AH value
for the dry region was-0.58, and the clear reduction in AE relative to the columns x-position can
be observed in Fig. 6-12d. The reduction in both Ay, and Al indicate that the PEM is drying
for the whole characteristic region, and at a faster rate at the anode side. Considering the rows of
interest, all rows begin with roughly the same m value at 1, but the rows closest to the anode

(top of Fig. 6-12a) dry the most while the rows closest to the cathode (bottom of Fig. 6-12a) dry
the least, confirming the aforementioned hypothesis. The adjacent channel wetnesses also
correspond to the observed preferential drying on the anode side, as the anode channel wetness is

0.3 %, while the cathode channel wetness is 38.2 %.
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Fig. 6-12: (a) The dry region of interest with the change in membrane hydration for five (b)

columns and (c) rows shown for the chip. Column and row positions are indicated by color on (a),

which correspond to the plotted colors on (b) and (c). In (b), the profile of each column is fitted

using Eq. 6-15 and the coefficients can be found in Appendix G. (d) The Am values with respect

to each column of interest in (b). The electrolytes flow from left to right.
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Overall, the three characteristic regions for the sample image taken (1.0 mol L 'anolyte, cycle 1
image 7) were found to each affect the membrane hydration in unique ways, as shown in Fig.
6-13a. Considering the change in membrane hydration from OCV, m consistently increased in
the direction of flow for the wet region (Fig. 6-10b). In the hybrid region, the highest m values
were observed, with a higher PEM hydration towards the anode. However, outside of the channel
splitter, the anode channel was drier than the cathode channel (43.0 % anode channel wetness vs.
70.6 % cathode channel wetness). The dry region had the lowest m values, where the adjacent
cathode wetness was higher than the anode (38.2 % at the cathode vs. 0.3 % at the anode). The
PEM correspondingly dried closer to the anode channel at a significantly faster rate than the region

closer to the cathode.
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Fig. 6-13: (a) The PEM hydration field for each characteristic region of interest with reference to
the hydration of the background acquired during OCV. (b) The gradient in PEM hydration from
the anode to cathode. In the wet region, the PEM water distribution is even between channels. The
hybrid region provokes a gradient in PEM water content that is higher and more hydrated on the
anode side. The dry region provokes a gradient in PEM water content that is higher and more

hydrated on the cathode side.

When considering Am values for each region (7ab. 6-3 and Fig. 6-13b): there is a negligible

effect on AE for the wet region (e.g. low average AE value of -0.16), indicating that water was
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distributed evenly within these areas of the PEM. The hybrid region has the largest observed Am
values with an average AE of 0.89 indicating that the anode side of the PEM was more hydrated,
and the dry region has the lowest observed AE values with an average of -0.58 indicating that
the cathode side of the PEM was more hydrated. These A,, values are the first reported for an

operating electrolyzer through contactless imaging methods, and the first time operando imaging

of a PEM electrolyzer has been performed using transmission IR techniques.

Recalling the work performed by He et al., they showed that mass transport at the surface of the
PEM was qualitatively correlated to its fractional area for water entry.”® Specifically, the wetness
of the PEM’s interface directly affects transport mechanisms through the bulk of the membrane.
The local imaging data presented in this section cannot be discerned from electrochemical results
from EIS or DRT due to the difference in acquisition time scales. However, our results may suggest
that the PEM’s water sorption increased as its interfacial and bulk resistance decreased. This
currently cannot be verified through the results presented in this chapter; however, these results
are still significant for elucidating the effects of local PEM hydration. The findings from this
section prove the viability of using transmission IR techniques to characterize operating
microfluidic PEM electrolyzers, as the water gradients in the PEM of an operating electrolyzer can
be visualized. While a connection between channel wetness or PEM hydration to mass transport
losses have not been identified at this point, this work confirms the need for even water
distributions throughout the channels, especially when investigating hydration in the PEM. By
improving upon the electrolyzer design used in this thesis, IR characterization of PEM electrolysis
would bring us closer to visualizing water transport, and hopefully even ion transport through the

PEM.

6.4 Chapter summary

In this chapter, the electrochemical performance and PEM wetness of a microfluidic water
electrolyzer were evaluated using a combination of EIS, DRT, and IR spectroscopic imaging. The
electrochemical performance of the microfluidic PEM electrolyzer was evaluated for three anolyte

concentrations. These diagnostic tools enabled quantification of ohmic, activation/kinetic, and
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mass transport losses. During electrochemical operation of the microfluidic PEM electrolyzer, a

couple key phenomena were identified.

(1) With increasing anolyte concentration, electrochemical performance did not show
any significant changes aside from an increase in the standard deviation in current

density measurements.

DRT and EIS were both utilized to investigate the impact of loss sources (ohmic,

activation/kinetic, and mass transport) on the performance of the electrolyzer.

(2) The ohmic resistance decreased with increasing anolyte concentration, indicating
that the increase in current density standard deviations was instead due to
activation/kinetic and/or mass transport contributions. DRT and EIS results showed
that activation/kinetic and mass transport losses were largest with the highest

anolyte concentration.

IR imaging results were then investigated relative to the adjacent channel wetness, and mass

transport losses from the DRT were compared.

(3) The cathode channel wetness increased with increasing mass transport losses,
anolyte concentration, and standard deviation in current density measurements.
However, the anode channel wetness did not change significantly for each anolyte
concentration. This phenomenon in combination with the higher mass transport
losses measured through DRT and EIS implied that higher mass transport losses
could be attributed to inefficient transport particularly in the cathode channel. This

issue would likely be removed with the integration of PTLs during cell fabrication.

Local imaging results were studied to investigate the effect of local channel wetness on the PEM
hydration. Different characteristic regions (wet, hybrid, and dry) were observed, each selected

based on the wetness of the adjacent channels.

(4) Clear gradients between anode and cathode channels were visualized, enabling the
first quantification of Ay, ¢ fields via operando IR imaging.
(5) Water distribution through the PEM and its changes on the local and global scale

showed the need for components such as PTLs to distribute water evenly within the
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channels. Once a microfluidic PEM electrolyzer is developed with improved water

distribution, the variables affecting 44,0 can be isolated and investigated more

easily. Additionally, mass transport losses would be lower at the same conditions.

The results from this work can immediately be improved in the next design iteration with the
inclusion of PTLs for improved water management in the channels. The microfluidic PEM
electrolyzer and IR imaging setup were developed as a platform for characterization, for which we
have effectively shown its potential through the measurement of PEM hydration during
electrochemical operation. Integrating a porous hydrophilic component into the microfluidic
electrolyzer fabrication will improve the quality of measurements and the cell architecture would
better reflect the geometry of electrolyzers used in the industry. While the fabrication of a
microfluidic chip integrating a PTL and a PEM simultaneously has yet to be achieved, the
technology already exists as long as the proper instruments, laboratory equipment, and materials
are used. Following the integration of PTLs for improved water management, other parameters
such as the PEM thickness or the side-chain or backbone length of the PEM structure can be varied
and then investigated through the techniques presented here. Moreover, the work presented in this
chapter utilizes a beam that is filtered to be monochromatic. An appropriate experimental setup
capable of polychromatic transmission IR imaging may be used to interpret changes in membrane
chemistry during electrolyzer operation. If the recommended design changes can be integrated
during cell fabrication, our understanding of both ion and water transport within PEMs of operating

water electrolyzers may improve.



7  Conclusion

In this thesis, water transport within the membrane of PEM water electrolyzers was investigated
through the combination of a microfluidics and operando IR spectroscopy. The development of
the microfluidic PEM electrolyzer and its integration with the presented experimental setup was
achieved through two parts. The contributions and key findings from each part and the chapters

they are comprised of are summarized below.

In Part 1, the development of the microfluidic fabrication method, the experimental setup, and the
image processing routines were achieved. Part 1 was comprised of Chapter 2 and Chapter 3. In
Chapter 2, a brief overview of microfluidic applications and their potential in combination with
transmission IR characterization techniques was presented. The material considerations necessary
for the fabrication of a microfluidic chip were detailed. The working principles of the relevant IR
techniques (FTIR spectroscopy and thermography) were introduced as well as their associated

image processing methods.

In Chapter 3, a microfluidic chip that was semi-transparent in IR light was developed for
characterization using the mid-wave IR spectrum. In this microfluidic chip, mass and heat transfer
were quantified through FTIR spectroscopy and IR thermography, respectively, for two
exothermic acid-base reactions. Experimental results were compared to an advection-diffusion
numerical simulation made to reproduce the microfluidic chip used in this study. Mass transfer
was visualized for each of these reactions through the segmented concentration gradients of each
chemical species (e.g. acid, base, and the product salt) and for three flow rates. Heat transfer was
visualized for each of these reactions through thermal fields, where the heat produced from each
of the reactions was most clearly visualized at the reaction interface. The experimental mass and
heat transfer results for one reaction were cross-validated to the numerical simulation and a strong
agreement between the two datasets was found. The study showed the potential in coupling
microfluidic chips with IR techniques, establishing the necessary techniques for the fabrication of

a microfluidic PEM electrolyzer and its integration with IR spectroscopy.

Part 2 begins with Chapter 4, where a literature review of transport mechanisms through the PEM

was conducted to present the relevant background for the remaining works in this thesis. Chapter

140
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5 and Chapter 6 build the remaining sections of Part 2, and involve the fabrication and

characterization of the microfluidic PEM electrolyzer.

In Chapter 5, the first microfluidic PEM water electrolyzer that is semi-transparent in the IR
domain for characterization transmission IR spectroscopy was developed. Its membrane hydration
was evaluated for two failure mechanisms driven by the supplied reactant flow rate through
operando synchrotron FTIR spectroscopy. The lower flow rate drove mass transport-dominated
overpotentials up to current densities of 75 mA cm?, when membrane drying was observed
immediately before cell failure. The higher flow rate drove ohmic-dominated overpotentials and
sustained improved current densities of up to 225 mA cm™ that were comparable to similar
microfluidic PEM electrolysis architectures presented in the literature, with the caveat that this
chip was specifically designed to be semi-transparent in IR. The study acted as a first step for
resolving water transport at a local region in the PEM of operating electrolyzers using transmission

IR techniques.

In Chapter 6, the same microfluidic chip architecture fabricated in the previous chapter was
evaluated with a wider range of characterization tools to improve our understanding of water
transport in the PEM during electrochemical operation. The chip was characterized using EIS,
DRT, and an in house IR spectroscopic imaging setup. The current response of the chip was
measured through potentiostatic operation at 2.5 V for three different anolyte concentrations.
Higher anolyte concentrations were accompanied by larger standard deviations in current density
measurements. The characterization tools unveiled that while higher anolyte concentrations were
accompanied by reduced ohmic losses, they were also accompanied by higher kinetic and mass
transport losses. The PEM water content was averaged for acquired IR images to compare global
PEM water content with the electrochemical performance under comparable time scales. The
global PEM water content in images was investigated from low to high anolyte concentrations, for
which the cathode channel wetness increased as well as mass transport losses. These results
implied higher mass transport losses that could be attributed to inefficient product removal from
the cathode. To investigate these effects further, the PEM hydration was investigated in three
characteristic regions defined by the wetness of the adjacent channels: dry, wet, and hybrid (a mix

of dry and wet). Water transport through the membrane was quantified through the term Ay,

which was then used to determine water gradients between the electrodes A4y, . These results
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were the first utilizing transmission based IR imaging to visualize the effects of the wetness of

adjacent channels on the PEM hydration.

This thesis advances towards the understanding of water transport in PEMs through the fabrication
of a microfluidic PEM electrolyzer for characterization through transmission IR techniques. The
fabrication methods and experimental setup used here can be extended by implementing porous
layers into the microfluidic electrolyzers, which could be refined to accurately measure water
transport and maybe eventually the measurement of phenomena such as electro-osmotic drag or
even the rarely reported thermo-osmosis. Additionally, the methods presented here could be
extended for the characterization of other membrane types (e.g. bipolar- or anion exchange-
membranes) that are commonly used in other electrochemical configurations. This microfluidic
electrolyzer currently achieves current density operation one order of magnitude less than that of
conventional electrolyzers. If comparable performance can be achieved in this chip through the
integration of state-of-the-art components, then experimental results would more accurately reflect

results from the larger scale industrial electrolyzers.
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8  Future works

While the development of a microfluidic polymer electrolyte membrane (PEM) water electrolyzer
that is semi-transparent in infrared (IR) light was completed in this thesis, there are some potential
shortcomings in the presented works that must be investigated. For example, the impact of the
utilized fabrication methods on electrolyzer longevity and performance must be evaluated. As a

result, the following future works are recommended based on the findings presented in this thesis.

8.1 The effect of polymer electrolyte membrane pre-expansion via per-
fluorinated resin on electrochemical performance

Membrane expansion and shrinking was a challenging hurdle that needed to be overcome for the
fabrication of the microfluidic PEM electrolyzer used in Chapter 5 and Chapter 6. To reduce the
mechanical effects of membrane expansion and shrinking during fabrication, the PEM was pre-
swelled with Nafion resin before applying chemical bonding techniques. While this technique
enabled IR imaging of PEM hydration, it is unconventional and may be detrimental to the
electrolyzer’s performance. Therefore, the effects of membrane pre-swelling through a per-

fluorinated resin must be evaluated.

These effects can be investigated in a typical PEM water electrolysis cell with neutron imaging
and can be combined with the other electrochemical characterization tools presented in this work
(e.g. electrochemical impedance spectroscopy (EIS) and distribution of relaxation times (DRT)).
Operating the electrolyzer during simultaneous neutron imaging is recommended for two
electrolyzer builds. First is the control PEM electrolyzer case, using a PEM electrolyzer built with
conventional components (e.g. titanium flow fields, porous transport layers (PTLs), and a catalyst
coated membrane (CCM)). For the second case, the PEM electrolyzer should be built and tested
through the same methods, but be built with the CCM pre-expanded through a per-fluorinated
resin. The obtained electrochemical results (from potentiostatic or galvanostatic operation, EIS,
and DRT) can then be compared with results obtained during neutron imaging to elucidate the
physical and electrochemical effects of PEM pre-expansion. These results would inform of the
validity of this technique for future transmission IR characterization using the presented cell

architecture.



145

8.2 Integrating state-of-the-art water electrolysis components into
microfluidic polymer electrolyte membrane electrolyzers for
operando infrared spectroscopic imaging

One of the shortcomings of the fabrication methods for the microfluidic electrolyzer that resulted
was the lack of state-of-the-art components. Specifically, the simultaneous integration of PTLs
and CCMs in the fabrication of the microfluidic electrolyzer, which has yet to be achieved. Local
liquid and gas measurements manifested in the dry and hybrid characteristic regions that were
investigated in Section 6.3.5. However, the dry characteristic regions were undesirable as
insufficient membrane hydration was observed around those regions. The integration of PTLs to
improve water management in the chip would greatly improve uniform PEM hydration within the
microfluidic PEM electrolyzer. Consequently the quality of results obtained in acquired IR images
with the presented cell architecture could be improved. The fabrication of a microfluidic
electrolyzer with an implemented PTL and a PEM has already been achieved for each material
independently, and simply integrating a hydrophilic mesh layer would improve the water

distribution throughout the channel.

In addition to the inclusion of PTLs and different PEM configurations in the fabrication process,
the PEM and platinum electrodes can be replaced with a custom-ordered CCM with strategically
placed catalysts. The catalysts would be deposited on one surface of the CCM and be separated
such that they could be electrically separated. Fabricating a similar but improved microfluidic
PEM electrolyzer with an integrated CCM would directly reduce ohmic losses as ions would not
have to conduct through a liquid electrolyte. Effective water management in the microfluidic PEM
electrolyzer through the integration of PTLs and CCMs would not just reduce the ohmic losses
through a shorter path of ion transport, but would also reduce the interfacial resistance of the
membrane.®® The integration of PTLs and CCMs may also improve the quality of measured PEM

water content (Ay, () in comparison to those reported in Chapter 6.
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8.3 Changes to membrane chemistry in an operating polymer electrolyte
membrane water electrolyzer captured via multispectral infrared
imaging

Only one type of membrane (Aquivion, Solvay) was investigated through the transmission-based

IR techniques presented in Chapter 5 and Chapter 6. PEMs vary in many parameters, such as their

thickness, their condition, their equivalent weights, the length of their backbone side chains, etc.,

and these parameters are all known to affect transport through the PEM.% For example, PEMs
manufactured with chemical backbone structures containing shorter side chains such as Aquivion
have shorter relaxation times than PEMs that are made with longer side chains such as Nafion.

Moreover, these effects vary relative to the hydration of the PEM, as water transport in PEMs is

influenced by the acidity and mobility of the sulfonic acid groups that the water molecules

transport or conduct protons through.®® Therefore, investigating various PEMs (e.g. varied
equivalent weights, different molecular compositions, thicknesses, etc.) integrated into the
microfluidic architecture presented in this thesis — especially those with fewer differences between
parameters — are recommended. Additionally, the effects of membrane aging when utilized in this
configuration are unknown and the chemistry of the PEM can be elucidated with transmission IR
imaging. However, if the electrolyzer fabricated here is unsuitable for repeated use through
accumulated mechanical stress (e.g. through membrane swelling and shrinking), pursuing another

electrolyzer architecture is recommended.

The effects of these parameters on water transport through PEMs would be elucidated when
combined with the IR characterization setup presented here. The IR characterization tools can even
be improved to more sensitive instruments that are capable of multispectral IR imaging, which
may enable the capture of changes in membrane chemistry during electrolyzer operation. Future
improvement of fabrication and IR characterization of these materials may eventually enable the
quantification of proton transport relative to the electrolyzer’s electrochemical performance and

its PEM hydration.
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Appendix

Appendix A: Temperature control through the PID controller

The temperature of the microfluidic chips were controlled and monitored through a copper
thermistor that was connected to a proportional integral-derivative (PID) controller. The thermistor

is flat ring shaped with 35 mm inner diameter and 50.8 mm outer diameter and has a thickness of

0.38 mm (Fig. A-1).

Fig. A-1: A model of the thermistor used to deliver temperature to microfluidic chips.

The thermistor has a coppered side on a nickel probe that is glued onto an insulated kapton surface.
The copper surface was used to deliver temperature efficiently to a microfluidic chip (placed
directly onto the copper surface). The resistance of the thermistor rated by the vendor Captec, was

given as:
Ry =11.0Q Eq. A-1
Ry =31.52 x(1+0.00610T) Eq. A-2

where Ry is the heater electrical resistance, Ry is the nickel probe electrical resistance [Q2], and T

is the temperature [°C].
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A PID was used to heat the copper thermistor, for which the basic working principles will be
introduced here. PID control involves the PID controller itself, the system (object under control,
the thermistor in this case), and an actuation device (power supply in this case) to drive the system.
Initially, a set point, in terms of temperature (°C), is given to the PID controller, which will deliver
a control signal in terms of voltage to the power supply. The voltage is determined through Ohm’s
Law where the resistance is the sum of those in Eq. A-1 and Eq. A-2. The power supply then
delivers the voltage to the thermistor. The temperature of the thermistor is concurrently measured
by its sensor probe, and its temperature is sent back to the PID controller as feedback. The PID
controller will then adjust the control signal accordingly, and repeatedly loop between the PID

controller, power supply, and thermistor. This closed feedback loop is shown below in Fig. 4-2.

Temperature
Command

(Voltage)

4 PID controller

Real
temperature

Voltage
delivery

Fig. A-2: The closed feedback loop of the PID to regulate the temperature to the thermistor.

The command [V] or control signal that is delivered from the PID controller is determined as the

sum of the three components of the PID, which it is named after.
Command =P +1+ D Eq. A-3

First is the proportional term P:
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P = K,e(t) = K,(SP — PV) Eq. A4

where K, is the gain for the proportional term, e(t) is the error value which is the difference

between the set point (SP) [°C] and the measured process variable (PV, temperature in this case)

[°C]. Second is the integral term which is proportional to the time (t) integral of the error value:
t

I=K;- f (SP —PV)dt Eq. A4-5
0

where K; is the gain of the integral term. Finally the derivative term uses the difference between

the current and previous error values divided by the time differential between measurements (dt).

d
D =Ky~ (SP—PV) Eq. A-6
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Appendix B: Beam size at the Far-IR beamline of the Canadian Light Source

The beam diameter is determined by assuming a Gaussian beam and performing a knife-edge
measurement. By using the interface in the channel of the chip and the edge of the electrodes, a
sharp edge representing a knife-edge can be obtained for the necessary measurements. The
methodology for determining the beam size analysis is performed by Kirkham and is replicated

here.!”® The final beam radius is determined to be 45.62 + 0.48 um for a wavelength of 10.7 um.

0.06
wavenumber: 935.031364 cm™
0.05 |- wavelength: 10.69519 pm
Model MyFitFunc2022 (User)
. (P1/2)*(1+erf((1.41421*(x-
0.04 - Equation P2))P3))
Plot B
> P1 0.05487 + 1.29368E-4
= 003l P2 266.61508 + 0.18069
2" P3 45.62278 + 0.4828
9 Reduced Chi-Sq 8.76273E-8
L 0.02 - R-Square (COD) 0.99984
' Adj. R-Square 0.99983
0.01
0.00
1 1 1 M 1 L 1 1 1 L 1 1 1

0 50 100 150 200 250 300 350 400
Position (microns)

Fig. B-1: The resulting error function plot with fitting parameters P1, P2, and P3 for a wavelength
of 10.7 um. P3 corresponds to 1/e° radius of the Gaussian beam, where the calculated beam radius

is 45.62278 £ 0.4828 um.
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Appendix C: Raw infrared spectra

The raw IR transmission spectra acquired during FTIR spectroscopy were cropped around the peak
of interest. The peak of interest is roughly centered around a wavelength of 10.7 pm and is the
only observable peak in the measured spectrum where water attenuated the beam. The IR spectra
are averaged for 300 acquisitions with a spectral resolution of 4 cm™'. Each acquisition is measured
during the final two minutes of steady current operation and results are presented for all

experimental conditions.
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Fig. C-1: Averaged IR spectra from 300 acquisitions for each constant current operating condition
for (a) 20°C, 20 uL min”, (b) 20°C, 100 uL min™, (c) 40°C, 20 uL min, (d) 40 °C,
100 uL min™, (e) 60 °C, 20 uL min™, and (f) 60 °C, 100 uL min™.
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Appendix D: Ohmic resistance of the microfluidic PEM electrolyzer

Ohmic resistance measurements extracted from EIS were challenging to obtain for the proposed
cell geometry due to the small active area of 0.08 cm® To improve the accuracy of ohmic
resistance measurements, an impedance model from the work presented by Chevalier et al. was
applied onto the experimentally obtained Nyquist plots, and the ohmic resistance was extracted as

the HFR of the model.'?% A sample Nyquist plot with the fitted model is shown in Fig. D-1.

16 T T ¥ T y T ¥ T T T

14 - Z-fit model .

e Experimental
12 | .

10 .

-Z,, (Q cm?)
(o]

(o]
T T
1

24

Zge (Q cm?)

Fig. D-1: A sample Nyquist plot with the corresponding Z-fit model obtained at 20 °C with a flow
rate of 20 uL min™" and at a current density of 30 mA cm™. The extracted ohmic resistance is

4.31 Q em?®.

Individual ohmic resistance measurements and the corresponding ohmic voltage losses are
graphically reported in Fig. D-2 for each operating condition. Ohmic voltage losses are computed

through Eq. I1-8.
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(a) Ohmic performance: 20°C 20 L min™ (b) Ohmic performance: 20°C 100 uL min™
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Fig. D-2: Measured ohmic resistance acquired from imposing a Z-fit onto experimentally acquired
staircase galvanostatic EIS data and the corresponding ohmic voltage losses for (a) 20 °C,
20 uL min™, (b) 20 °C, 100 uL min™, (c) 40 °C, 20 uL min™, (d) 40 °C, 100 uL min™, (e) 60 °C,
20 uL min™, and (f) 60 °C, 100 uL min™.
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Appendix E: Water attenuation coefficient for Section 6.2.5

Using the experimental setup detailed in Section 6.2.2, an experiment at a monochromatic
wavenumber of 4 cm™ was performed to determine the water attenuation coefficient by using a
calibration chip with three different spacer thicknesses (50 um, 100 um, and 200 pm). A linear fit
for absorbance measurements at different spacer thicknesses was used to determine a water
attenuation coefficient of 5.9-10 pm™!, which was determined as the slope of the linear fit shown

below in Fig. E-1.
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Fig. E-1: Determining the water attenuation coefficient through a calibration experiment. The

water attenuation coefficient is equal to the slope of the linear fit.
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Appendix F: Image binarization by digital level thresholding

Images were processed through a simple binarization based on a digital level (DL) threshold.
Specifically, wet pixels all have a DL value less than dry pixels, separated by a DL;jresho1a, and
dry pixels all have a DL value greater wet pixels, with DLy esnoia 10 between. DLipreshota Was
determined to be a value between wet and dry pixels, such that it could be used reliably. This
threshold value was determined to be DL;p,esn01a = 3000, as this DL value is greater than that of
wet pixels (for both catholyte and anolyte) and lower than that of all dry pixels, which can be
confirmed in the histogram shown in Fig. F-1. The scale bar for the histogram ranges from 0 to 1
as data was rescaled to that range for the histogram. For the images shown (cycle 1 and image 7
for each anolyte concentration), these values linearly correspond to DL ranges of 41 to 9045, 46
to 8954, and 13 to 9643 for anolyte concentrations of 0.1 mol L™, 0.5 mol L}, and 1.0 mol L™!
H>SO4, respectively. With these DL ranges, a DL value of 3000 would correspond to 0.33, 0.34,
and 0.31 when fitted between 0 to 1 for anolyte concentrations of 0.1 mol L', 0.5 mol L*!, and

1.0 mol L' HoSOu4, respectively.
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Fig. F-1: Histograms to show the DL threshold for image binarization for sample images
containing anolyte concentrations of (a) 0.1 M H>SOy4, (b) 0.5 M H>SO04, and (c) 1.0 M H>SOq.
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Appendix G: Analysis of PEM hydration for three characteristic regions

In this section, the figure for which the adjacent channels of the wet, hybrid, and dry region are
shown below in Fig. G-1. Additionally, the linear fitting parameters from Eq. 6-15 are shown in
Tab. G-1, Tab. G-2, and Tab. G-3.

(a) Wet region (b) Hybnd reg|on ( ) Dry region Common

colorbar by row
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200 ym

Fig. G-1: The adjacent channels in the sample image with 1.0 mol L™ anolyte, cycle 1 image 7 for
the (a) wet region, (b) hybrid region, and (c) dry region. Images in rows that are labeled

“Binarized” are processed through a threshold algorithm to separate pixels into wet (=1) and dry

(=0).
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Tab. G-1: The linear fit coefficients from Eq. 6-15 for each column from the wet region of interest

(Fig. 6-10), resulting values from the fitted m at y positions of 1 and 10, the associated Am,

and the same values from experimental measurements.

Column of Fitted at  Fitted at Measurement Measurement
interest “ o y=1 y=10 A aty=1 aty=10 Admeas
0.023  1.34 1.39 1.57 -0.18 1.56 1.68 -0.12
0.012 147 1.50 1.59 -0.095 1.60 1.59 0.0093
0.029 1.54 1.60 1.83 -0.23 1.71 1.84 -0.13
0.027 1.62 1.67 1.89 -0.22 1.69 1.86 -0.17
0.011 1.79 1.81 1.90 -0.089 1.84 1.85 -0.013

Tab. G-2: The linear fit coefficients from Eq. 6-15 for each column from the hybrid region of

interest (Fig. 6-11), resulting values from the fitted m at y positions of 1 and 10, the associated

Algy, and the same values from experimental measurements.

Column of Fitted at  Fitted at Measurement Measurement

. aq ag Aflfzt A)“meas

interest y=1 y=10 aty=1 aty=10
-0.13  3.28 3.15 2.01 1.14 3.07 2.06 1.01
-0.10 2.99 2.89 2.01 0.88 2.88 2.18 0.70
-0.10 2.95 2.85 1.95 0.90 2.72 1.92 0.80
-0.09 2.71 2.62 1.79 0.83 2.61 1.87 0.74
-0.078 2.36 2.28 1.58 0.70 2.36 1.68 0.68
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Tab. G-3: The linear fit coefficients from Eq. 6-15 for each column from the dry region of interest

(Fig. 6-12), resulting values from the fitted m at y positions of 1 and 10, the associated Am,

and the same values from experimental measurements.

Column of Fitted at  Fitted at Measurement Measurement
interest “ o y=1 y=10 A aty=1 aty=10 Admeas
0.012 0.73 0.75 0.85 -0.10 0.68 0.78 -0.10
0.025 0.39 0.41 0.64 -0.23 0.33 0.56 -0.23
0.057 -0.018 0.039 0.55 -0.51 -0.065 0.49 -0.57
0.11 -0.54 -0.43 0.59 -1.02 -0.53 0.47 -1.00
0.12 -0.81 -0.69 0.35 -1.04 -0.90 0.24 -1.14




