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Nomenclature

The main notations used in the manuscript are summarised here. Few exceptions
can be found in the text, but a thorough definition of their meaning will be given

in these cases.

Symbols Units Definition

Roman Alphabet

A - Absorbance

a m?/s Thermal diffusivity

b v Tafel slope

c M Molar concentration
Cpr, F/m? Double capacity layer
d m Distance

D m? /s Mass (Fickian) diffusivity
f Hz Frequency

h K/m/W Impulse response

I a.u. Light intensity
i=+v—-1 - Complex unity

io A/cm? Exchange current

j A/m? Current density

k W/m/K Thermal conductivity
L m Length

l m Width or thickness

q m? /s Flow rate
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t S Time

v m/s Velocity
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Yy m Coordinate

z m Coordinate

Grec Alphabet
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K K1
n V

9 -

A m

o S/m

Charge transfert coefficient
Complex writing

Light transmission
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Overpotential
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Light wavelength

Electrical conductivity
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rad
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CHAPTER 1

General Introduction

The past few decades have shown a rapid and continuous exhaustion of the available
energy resources which may lead to serious energy global crises. Researchers have
been focusing on developing new and renewable energy resources to meet the
increasing fuel demand and reduce greenhouse gas emissions. A surge of research
effort is also being directed towards replacing fossil fuel-based vehicles with hybrid
and electric alternatives. In this context, energy storage and conversion is now
seen as a critical element in future "smart grid and electrical vehicle" applications.
Thus, microscale energy conversion devices offer one of the best combination
of efficiency, cost, flexibility, and power density, with microfluidic technologies
[Modestino et al. 2016] leading the way in this aspect. To accompany these techno-
logical developments and their miniaturisation to microscale and beyond, advanced
characterization methods need to be continuously improved. My past works and
the proposed research project fall within these objectives with a particular focus in
developing field-based measurements and analytical data processing for heat and
mass transfers.

1.1 My research activities at a glance

The present thesis reports the works done within the last 10 years, i.e. 2013-2023,
after my PhD thesis. This decade corresponds to my two postdoctoral fellowships,
done from 2013 to 2018, and my appointment as Associate Professor at ENSAM
Bordeaux since 2018.

In order to present an overview of the main research gaps tackled and the main
achievements done in the last 10 years, my research background is summarized in
Figure 1.1. Each color corresponds to a specific topic. Most of my early works
were dedicated to Polymer Electrolyte Membrane Fuel cell (PEMFC) diagnostic
techniques with the development of experimental setups and inverse methods to
measure their state-of-life. This topic started during my PhD and has been pursued
during my second post-doctorate fellowship in Nantes. The first image-based
characterization were performed during my first post-doctorate fellowship in
Canada using X-ray to image the two-phase flow in microscale porous media. I did
not continue any works on porous materials later on, but I kept developing imaging
techniques since then.
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My research activities in Thermal & Imaging Field Characterization (TIFC)
group in Bordeaux were dedicated to the development of Infrared (IR) imaging
setup dedicated to energy conversion systems at the microscale and their associ-
ated methods. In addition, with the creation of the "Hydrogen Program" at Arts
et Métiers (in which I am involved), my past expertise in PEMFC and hydrogen
systems are being transferred toward my teaching activities and industrial contact.
This illustrated how my past experience greatly fed my current research and teaching

activities.
2011 2013 2016 2018 2023
i i i i
PhD, Postdoc 1, ; Postdoc 2, .
E Nantes E H E Associate Professor ENSAM
1 1

Toronto 1 Nantes
1

PEMFC Diagnostic
EIS based X-ray imaging

diagnostic Capilary transport
PEMFC modelling

PEMFC modelling
Diffusivity and kinetics characterization methods
MFC modelling

3D Thermospectroscopy imaging
Infrared Thermotransmittance
PEM hydration probing
Lock-in imaging methods for MFC

Figure 1.1: Research background at a glance

1.2 Objectives and organization of the manuscript

The first part of the present manuscript aims at summarizing the main outcomes
of my past research from which a research project has emerged for the next 5 to 10
years. These works can be found in two main chapters where I first summarised the
fundamental methods developed in term of imaging techniques and inverse methods
(chapter 2). The first attempts to develop three-dimensional (3D) methods are
described, and will feed the proposed research project. The following chapter (i.e.
chapter 3), is dedicated to the application of the imaging and inverse methods
on several microsystems. In particular, novel characterization techniques applied
to microfluidic energy conversion devices including Microfluidic Fuel cell (MFC)
and electrolyzers are described. Technological locks solved to apply the imag-
ing methods were stressed to demonstrate how fundamental developments made
in chapter 2 were transferred toward their applications on energy conversion devices.

Following this summary of my past works, the proposed research project is
described in chapter 4. The definition of the objectives and the methodology to
answer them is described and evaluated regarding the current state-of-the-art. As
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in my past research, the proposed project describes as well as the fundamental
work to developed 3D tomography at the microscale and its application for energy
conversion devices. A general conclusion in chapter 5 will close the first part of this
thesis.

The second part of the thesis is focused on all my academic indicators (stu-
dent supervision, h index, citations, number of papers...) and curriculum vitae. An
exhaustive list of all my publications, communications, seminars, conferences and
research projects can be found in chapter 9. My involvement in teaching and ad-
ministrative activities is also detailed in chapter 6. All the chapters in this part can
be read independently, before or after part I. The purpose of part II is to give to the
reader an exhaustive overview of all my achievements since my PhD thesis in 2013.
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CHAPTER 2
Toward three-dimensional imaging
of heat and mass transfers

Contents

2.1 IR spectroscopic imaging methods . . .. ... ... .....

2.1.1 Main technologies for IR transmission spectroscopy . . . . . . 8
2.1.2 Concentration fields measurements . . . . . . ... ... ... 13
2.1.3 Temperature fields measurements . . . . . . . ... ... ... 15
2.1.4 Summary of heat and mass transfer measurements . . . . . . 16
2.2 From 2D to 3D mass transfer field reconstruction . . . . . . 17
2.2.1 Concentration field measurements in microfluidic reactors . . 17
2.2.2  Qualitative 3D absorbance fields in a capillary tube . . . .. 22
2.3 From 2D to 3D temperature field reconstruction . ... .. 24
2.3.1 Main working principles in source reconstruction in opaque
media . . . ... e 25
2.3.2 Qualitative laminography in semi-transparent media based on
thermotransmittance . . . . . .. .. .. ... ... ... .. 28
2.4 Conclusions . . .« v v v v v v v v vt e e e e e e e 34

To study energy transfer in electrochemical systems, an important fundamental
works concerning the development of contactless methods was carried out. Both
experimental and mathematical (or modelling) aspects are discussed. Among the
large panel of imaging techniques I used over the last ten years, a particular focus
on TR imaging methods is done since such wavelength range (2 - 15 pm), is well
suited to measure most of concentration and temperature fields. The main working
principles of these methods are exposed to frame their use and limitations before to
summarise my contributions toward 3D imaging and the main advances to this field
since my arrival in the TIFC team in September 2018.

2.1 IR spectroscopic imaging methods

IR methods have the great advantages to give access to the measurements of heat
and mass transfers, two out of three phenomena involved in the energy transfers
(last one is the charge transfer). To do so, active methods where an IR beam is shed
through a semi-transparent medium (assuming there is no scattering) are usually
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used. In particular, this section presents Fourier Transform Infrared (FTIR) spec-
troscopy and tunable band pass filter spectroscopy which are well suited to measure
the transmitted IR spectrum within a relatively short time (importance of time
resolution will be discussed). However, in order to not overwhelm the reading, the
interest of IR imaging methods compared to Raman mapping is not discussed here,
but an in-depth analysis can be found in the following paper [Krafft et al. 2008].

2.1.1 Main technologies for IR transmission spectroscopy
Working principles of FTIR spectroscopy

A brief history of the development of the FTIR spectroscopic imaging setup
is described in [Steiner & Koch 2009 comprehensive review.  Although the
FTIR spectrometers exist since the 50’s, it is the seminal paper published by
[Lewis et al. 1995] which opens the era of transmission imaging spectroscopy using
a Focal Plane Array (FPA) to produce multispectral images. The development
of more powerful IR sources (usually a globar of few hundred mW) and more
sensitive IR detectors made possible to switch from the classical Attenuated Total
Reflection (ATR) spectroscopy to transmission imaging spectroscopy. This latter
has a the great advantage to give a quantitative measurement of the transmitted
light (usually associated with the absorbance). These quantitative measurements
led to chemical concentration imaging in microfluidic reactors as depicted in Figure
2.1.

A) Benzoic acid Wt % B) Sodium Benzoate  wt % C) Water D) RGB image

Figure 2.1: Concentration fields measured by FTIR spectroscopic imaging through
a microfluidic reactor, from [Chan & Kazarian 2012]

There exists several technologies and setups reported in the literature to im-
age IR sprectra, though they all rely on the same working principles with the use of
Michelson interferometers to produce light interferogram (see for example the follow-
ing references [Bhargava et al. 2003, Schleeger et al. 2009, Steiner & Koch 2009]).
Interferograms are processed through a Fourier transform algorithm to obtain IR
spectra (see Figure 2.2(b)). A schematic of one of the first bench proposed by
[Lewis et al. 1995] can be found in Figure 2.2(a) with the Michelson interferometer
comprising a fixed and a moving mirror (also called step-scan mirror). To under-
stand how the performance of the FTIR spectrometers are governed and which
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improvements can be made, let us define three main parameters controlling the
Fourier transform, the quality of the IR spectrum and the time-resolution of this
technology:

e the displacement step of the moving mirror;
e the total travel of the moving mirror;
e the moving mirror velocity.

The displacement step of the moving mirror actually governs the interferogram
sampling frequency. This step is controlled using an alignment laser embedded
in the interferometer. Typically HeNe lasers with a fundamental wavelength of
AHeNe = 632.8 nm in air are used. The moving mirror is moved between two HeNe
laser zero crossings and therefore travels over a distance of exactly 632.8 nm. Such
value leads to a maximum spectral range of

Amaz = 2Agene = 1.26 pm. (2.1)

The factor 2 comes from the Nyquist-Shanon’s theorem used in signal processing.
This value is also expressed in wavenumbers as Vpmqe = 7898 cn™'. In addition
to this physical limit induced by the sampling frequency, the spectral range is
also constrains by the material used in the FPA. For imaging purposes, most of
the large range FPA reported in the literature are made of Mercury Cadmium
Telluride (MCT) material with a spectral range from 2 to 13 pm. Imaging setups
based on IR camera usually use Indium Antimonide (InSb) material in their detec-
tor, limiting the spectral range from 2 to 6 um. Indium Gallium Arsenide (InGaAs)
cameras in the Near Infrared (NIR) region have a spectral range from 1 to 2.5 pm.
A quite old, but exhaustive list of the main detector technologies is proposed by
[Kempfert et al. 2001] from ThermoFisher. It is worth noting that monodetectors
are usually based on Deuterated L-alanine doped Triglycine Sulfate (DLaTGS)
material allowing a wider spectral range (from 1 to 20 pm) compared to FPA.

The spectral resolution of the measurements, Av, is completely controlled by
the size of the interferometer. It is given by the second parameter: the distance
travelled by the moving mirror, d, expressed as

Av=1 (2.2)
v=-. :
d

In practice, the moving mirror travels between 0.25 and 4 cm, corresponding to a
spectral resolution ranging from 4 to 0.25 cm™1.
used for gases or far IR measurements can have travel distances up to several

meters [Dawadi et al. 2015].

Note that, several spectrometers
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(a)

InSb FPA

Tuming
Mirror

Cassegrainian
Objective S
- Collimated %,
Sample - QTH . ‘\“.9%,,
-_ 2 Lamp S
Cassegrainian . e,
Condenser 1% - 1 o,
Turning 50050 O PN 1
Mirror Beamsplitter Step-Scan
Mo ! Fixed irror "~ _ ‘;
. Mirror S
(b) Fourier-
Transformation
Interferogram \ Spectrum
i QB
’E [} g
Mirror Retardation AX Wavenumber (cm™)

Figure 2.2: Principle of the FTIR imaging spectroscopy. (a) Experimental setup
proposed by [Lewis et al. 1995]. (b) Signal processing to obtain an IR spectrum
(right) from the interferogram (left), figure extracted from [Huck et al. 2016].

The third important feature, is the time needed to measure one spectrum, and
it is governed by the moving mirror velocity, vys. This value is in practice limited
by the the FPA frame rate, frppa, since an image of the sample is snapped each
time a laser zero crossing produced by the moving mirror is detected. Thus, the
time requires to perform one interferogram measurement is

d d

p=— ==
vM fFPAAHeNe

(2.3)
Commercially available state of the art FPA are 128 by 128 px, over a spec-
tral range from 750 to 5000 cm™' and a frame rate of few thousands of Hz
|Ghosh et al. 2016]. It constrains the mirror velocity roughly from 0.0633 to
0.633 cm/s, leading to a 1 s measurement for a complete spectrum (with a
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spectral resolution of 4 cm™ = ). In most cases, the measurement needs to
be repeated several times (between 10 and 100 times) to increase the Signal
to Noise Ratio (SNR), significantly increasing the measurement time. Thus,
time resolved FTIR spectroscopy is quite limited to transient phenomena with
a time constant of few tens seconds or minutes [Chevalier 2021].  Alternative
techniques based on time-resolved step-scan measurements can be used though, but
only in the case of fast and periodic transient regimes, see [Schleeger et al. 2009].
This particular techniques ensures a time resolution in the order of few ms currently.

To conclude, FTIR transmission spectroscopy is commonly used in microfluidic,
biology or food science, as well-resolved IR spectra can be recorded to identify a large
number of molecules leading to quantitative measurements of concentration fields.
However, as it was discussed, this technique suffers from quite slow measurements
(few seconds) due to the relatively low frame rate of the FPA and the necessity to
repeat the measurements to increase the SNR. This limitation constrains the use
of FTIR spectroscopy for steady state analysis of heat and mass transfers through
thin sample (< 100 pm) ensuring a rather good SNR (10 or higher). To balance
these drawbacks, tunable band pass filter imaging spectroscopy has emerged in the
recent years.

Working principles of tunable band pass filter imaging spectroscopy

Tunable band pass filters are mainly based on diffraction grating to extract a
narrow wavelength range from an IR polychromatic source [Ryu et al. 2017|. Such
apparatus is often called as monochromater in reference to the almost monochro-
matic light, but without any comparison to an IR laser [Rosas et al. 2023] which
produce monochromatic and coherent light. The quality and spectral bandwidth
of the light depends on the setup, and it is generally not better than +20 nm in

the IR range. This corresponds to a spectral resolution ranging from 50 - 10 cm ™!,

1

compared to the 4 cm™! or even less than 1 cm ™! obtained classically using FTIR

spectroscopy, the spectral resolution of the light using a monochromater is coarser.

In comparison to transmission FTIR spectroscopy, less setups using monochro-
maters as light source are reported in literature. The main groups well identified
are located in Japan (Kakuta’s [Kakuta et al. 2016, Uema et al. 2021] & Morikawa’s
[Ryu et al. 2017] groups), in UK with Kazarian’s group (|[Ryu et al. 2017|), in
France with the TIFC team [Romano et al. 2015, Kirchner et al. 2018| where the
oldest works were published in 2010’s. They all proposed a setup similar to the one
depicted in Figure 2.3. The detector is, in most cases, an IR camera which, compared
to FPA has a limited spectral range but increased detectivity. Such particularity
enables the simultaneous measurement of the monochromatic transmitted light from
the source and the sample proper emission. This latter can be linked to its local
temperature. Most of the applications were focused on the thermo-spectroscopic
studies of chemical reaction in microfluidic where the main goal is the simultaneous
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measurements of their heat and mass transfer properties, and eventually the reac-
tion enthalpy. This thermo-spectroscopic technique applied to microfludic can be
viewed as contactless calorimetry.

The main parameters governing the performance of the tunable band pass filter
imaging spectroscopy are the following:

e the monochromater slit width;
e the chopper chopping frequency (see Figure 2.3).

A very thin slit (see Figure 2.3) enables to select only the first order harmonic
of the diffracted light from the grating. Closer the slit is, more monochromatic
the light, but with a significant reduction in signal intensity. There is a trade-off
between signal and spectral resolution, which is usually established around +20 nm
as mentioned earlier.

The second important feature, controlling the time resolution of the setup, is
the chopping frequency of the mechanical chopper embedded in the light source (see
Figure 2.3). The signal, S, recorded by the IR camera is

S=E+1I (2.4)

where F is the proper emission from the sample and the environment, and [
is the transmitted signal through the sample (from the IR source). The presence
of the chopper, synced with the camera, enables to successively snap one image
containing F + I (chopper open) and another one containing only E (chopper
close). By making the difference between them, the contribution of £ and I can
be separated. Such mechanism has two advantages: (i) extract a temperature
information from E and (ii) filter the low frequency noise from I. The use of the
chopper can be viewed as a zero order lock-in methods with the chopping frequency
acting as the cutoff frequency of a high pass filter. Thus, the time resolution of
the setup is not limited by the frame rate of the camera, but by the chopping
frequency. Time resolution in the order of hundreds Hz are generally achieved
|Chevalier 2021].

To conclude, this technique is well adapted when monochromatic light is enough
to characterize the chemistry of the system (like in binary solution for example). It
enables the measurement of: (i) transient phenomena with time constant in the or-
der of few ms, (ii) phenomena with a poor SNR since a large amount of data can be
averaged in a relatively short time, and (iii) information concerning the temperature
of the sample, extracted from F, due to the higher detectivity of IR cameras. Several
upgrades of the method can even be brought using high speed heterodyne technique
to significantly increase the time resolution (down to the ps), but only in the case
of repeatable short periodic phenomena [Pradere et al. 2011]. These characteristics
make the tunable band pass filter imaging spectroscopy complementary to the trans-
mission FTIR spectroscopy, extended the range of application and measurements to
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fast and non isothermal phenomena. My contributions in their development will be
developed in section 2.2 of this chapter. Finally, the link between the transmitted
signal measured by these techniques and the temperature and concentration fields
needs now to be established.

Chopper TTL[ Aritrary Waveform |Camera sync. .
PP Generator Yy IR Camera

Diffraction
grating

InSb FPA
—

= b Hlorogeoe
/ objective

Function
synthesizer

= IR light
source

Light source Monochromator Condenser XYZ stage

Figure 2.3: Principle of the transmission imaging spectroscopy based on a monochro-
mater, figure from [Ryu et al. 2017]

2.1.2 Concentration fields measurements

The fundamental relationship linking light absorption though a medium to its com-
pound concentration is the Beer-Lambert law, expressed as

AT ) = (N T,ci)eil (2.5)

where A is the absorbance of the light through the sample, T' and ¢ are the av-
erage temperature and concentration, respectively, u is the absortivity coefficient
(M~t.m™1), [ is the optical path and the subscript 7 is the ith species in the medium.
Beyond the apparent simplicity of equation 2.5, several assumptions need to be done
to ensure its validity:

e the absorbance is considered equal to the logarithm of the transmission (the
effect of light reflection is neglected);

e the compounds are considered diluted in the solvent, i.e. aqueous solution;
e the concentration is constant along the optical path, i.e. ¢ ~ ¢;
e the light scattering is neglected.

These four assumptions are generally valid in most of the chemical reactions
based on diluted aqueous solutions, without any solid micro particles, in a microflu-
idic channel, and when the reflection of the light is assumed constant during the
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measurement. In the case of an unique compound diluted in water with isother-
mal conditions, the absorptivity coefficient does not depend on concentration and
temperature, and equation 2.5 reads

~togy (3 ) = HONe (26)

where [ is the transmitted light at a given concentration and Iy is the reference
transmitted light (generally taken at ¢ = 0). Equation 2.6 is the most common
one used in literature to measure concentration fields according to the follow-
ing review |[Perro et al. 2016] reporting works using microfluidic applications.
Counter-examples where equation 2.6 is not valid can be found here: non constant
absorptivity coefficient in highly concentrated solutions [Kakuta et al. 2016], and
in colloidal dispersions [Lehtihet et al. 2021].

Currently, two major locks limit the quality of the concentration field measure-
ments. The first one comes from the SNR. Before to reach the studied medium, the
light must pass thought different materials holding or containing the sample (see
Figure 2.3). In this case, the choice of the materials used to build the sample holder
is critical [Lehmkuhl et al. 2015]. In IR, the light absorption is usually minimized
by choosing material like silicon (50% transmission through 1.5 - 20 um), CaFq
glass (90% transmission up to 10 pm), or sapphire (90% transmission up to 7 pm)...
In microfluidic applications, Polydimethylsiloxane (PDMS) can be considered
relatively transparent outside its absorbance peaks [Polshin et al. 2014] as long as
it is not thicker than 2 mm. Another SNR limitation stems from the solvent itself
which is usually highly absorbent. In the case of water, large bands of the IR
spectrum can not be selected for concentration measurement as the transmitted
signal is completely attenuated [Hale & Querry 1973]. In this case, the only solution
is to reduce the optical path in the solvent to few pm (100 pm maximum with
water), explaining the necessity to use microchannels for such concentration probing.

The second lock concerns the concentration measurements in multicomponent
media, which are encountered in the majority of chemical reactions and biological
processes. In these cases, uncertainty in the concentration measurements may arise
not only from poor transmitted light SNR, but also from the mathematical correla-
tion of the IR spectra of the different species used in equation 2.5 to compute ¢;. An
extensive literature in the chemical engineering community has been focused on such
aspect of the problem, by developing multivariate inverse techniques [Brereton 2000]
and data-based IR spectrum recognition [Butler et al. 2019]. Although this aspect
remains a key issue for concentration measurements, my contributions to the image-
based methods are focused on processing the concentration fields to extract the main
transfer properties, not on improving the multivariate analysis.
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2.1.3 Temperature fields measurements

In this section, the concept is to use the IR imaging-based setup to simultaneously
measure the temperature along with the concentration fields. It has been shown
that the previous concentration measurements based on transmission spectroscopy
can only be performed through semi-transparent media. The drawback of choosing
this material, it is that the use of classical methods based on thermography is
not straightforward [Maldague 2012|. In particular, important uncertainties and
noise is brought by parasitic light from the environment through the medium.
The effect of the focal plane position and the fields of view of the camera optics
on temperature measurements is not well understood. Finally, the impact of the
medium absorption on the light emitted by the heat source is quite complex to
describe [Bourges 2023].

One solution to these problems can be found by carrying temperature measure-
ments based on thermotransmittance of the medium. This technique relies on the
change of transmitted light intensity as a function of the medium average tempera-
ture [Kakuta et al. 2011], see this effect in Figure 2.4 for the water IR spectrum. The
thermotransmittance can be described mathematically by writing the absorptivity
coefficient as

= (%) ar o

Usually, at the first order, the link between p and the temperature is considered

linear such as (g—i}) ~ cte |Kittel 1986]. Introducing equation 2.7 in equation

C
2.6 leads to the following relationship, assuming a constant concentration in the
medium:

—logyg <IIO(()/\\))> = r(\)AT, (2.8)

where k = (%) cl is the thermotransmittance coefficient (K=!), and AT is the
C

temperature averaged in the direction of the optical path. Ij is the transmitted light
generally measured at a reference temperature Ty, and I at a temperature different
from Tp. In the case where the reflection does not change with temperature, the
logarithm of the transmitted light is equal to the absorbance.

Although such optical methods to measure the temperature have been widely
known and used since the eighties (see the works on thermoreflectance methods
using visible or NIR light), the IR imaging-based thermotransmittance methods
were only developed over the last ten years with the development of more sensitive
IR FPA. Several works from the main groups developing IR imaging setups have
been reported in the literature, see [Kakuta et al. 2011, Nguyen & Kakuta 2023,
Kakuta et al. 2016, Pradere et al. 2017].
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The major drawback of this method is its poor sensitivity. The coefficient k is
usually in the order of [107° - 1073] K~!. It means that to be able to measure a
temperature variation of 1 K, one needs to detect light intensity variation lower than
0.1% in . Thus, an important effort needs to be done concerning the metrology and
the data processing to make possible such measurements. Modulated or impulse
thermal excitations must be used to increase the SNR and filter the experimental
noise. My contributions to the development of such methods are described in the
last section of this chapter.
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Figure 2.4: Effect of the temperature on the transmitted light intensity (here equal
to the absorbance) in the case of pure water in the NIR range. Figure extracted
from [Nguyen & Kakuta 2023]

2.1.4 Summary of heat and mass transfer measurements

This section has summarized the main experimental techniques used to measure
the concentration and temperature fields in semi-transparent media. The main
challenges in term of SNR, time resolution, spectral ranges, and spectral resolution
were presented along with the main works reported in the literature. As it was
shown, the development of these imaging methods is relatively recent (within the
last 20 years) and numerous challenges remain to be solved, in particular :

e the temporal resolution down to the ms;
e the spatial resolution, currently limited to the diffraction limits (5 - 10 pm/px);
e the signal detection limit.

The two fist points are a part of my research project for the next 5 years
since they require an important development in terms of experimental setup and
data processing. The last point however was tackled through the recent work I
carried out in the framework of 3 PhD thesis. More specifically, the detection
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limit of the average concentration and temperature measurements performed in
semi-transparent media was pushed forward to open the path toward 3D imaging
methods for microfluidic energy conversion devices.

In the following sections, the development of imaging setup for 2D imaging are
first summarised. The proof-of-concepts to use these 2D imaging measurements to
produce 3D images are then presented.

2.2 From 2D to 3D mass transfer field reconstruction

These works were carried out during the PhD thesis of A. Aouali (defended in Jan-
uary 2022), M. Garcia and K. Krause (both defended in early 2024). The objectives
were to measure concentration fields in microfluidic chip and to develop a reconstruc-
tion algorithm based on Radon transform for 3D imaging. Once again, the success
of these measurements relies on the combination of the following key concepts:

e an original setup combining FTIR transmission spectroscopy and IR camera
to image in 2D both heat and concentration fields in microfluidic reactor;

e an analytical description of the advection-diffusion equations in a 2D mi-
crochannel to estimate the diffusivity and kinetic parameters of a chemical
reaction;

e an inverse Radon transform algorithm to produce 3D imaging.

2.2.1 Concentration field measurements in microfluidic reactors

The combination of FTIR transmission spectroscopy and IR camera was one of my
first experimental development since my arrival in 2018 [Chevalier 2021]|. In this
framework, I developed a strong collaboration with Solvay (now Syensqo) and the
LOF on Bordeaux Campus for the fabrication of microfluidic chips dedicated to the
concentration imaging. Three main studies were published using this collaboration
[Krause et al. 2023, Garcia et al. 2023a, Garcia et al. 2023b], several works are still
undergoing.

Concentration measurements in a binary solution

The first study aims at extend a well-known technique to measure the mass
diffusivity in microfluidic chip [Salmon et al. 2005] to IR based imaging setup.
It consists in measuring the interduffusion of two fluids in a T-shape channel.
It was achieved in the literature using Raman mapping or visible imaging, but
never using IR light. Such wavelengths have the great advantage to be selective
from the chemical point of view, the measurement is quite fast (few seconds to
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produce a multispectral absorbance image), and also carry out information about
the temperature. A summary of this experiment can be found in Figure 2.5.

It is based on custom made FTIR setup described in [Chevalier 2021, and
depicted in Figure 2.5(a). The microfabrication of the microfluidic channel was
adapted to ensure the highest possible transmission of the IR light. Silicon wafer
were chosen, a 22 pm-height microchannel and a thin PDMS stamp was used. The
advantages of silicon as wafer are two fold: (i) IR transmission is constant over
the whole IR domain (50% transmission regardless its thickness), (ii) high thermal
conductivity (kg; ~ 150 W/m/K) ensuring a good thermal control of the chip and
the mass transfer. A local thermistor/heating source is embedded in the holding
stage for thermal management of the chip, see Figure 2.5(b) and (c).
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Figure 2.5: Measurement of mass diffusivity in microchannels as a function of tem-
perature. (a) The transmission FTIR imaging setup. (b) the T-shape microchannel.
(c) Temperature control of the microchannel. (d) Interdiffusion measurement and
(e) Estimation of the mass diffusivity for a range of operating temperature. Figures
from |Garcia et al. 2023a|
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The absorbance images are then obtained for the two fluids, and a clear
interdiffusion can be seen in Figure 2.5(d). This measurement is repeated for a
range of temperature to study the effect of this latter on the mass transfer. In order
to obtain quantitative data, an analytical model, similar to [Salmon et al. 2005]
was used, where the width of the diffusion cone is plotted versus the channel length.
The slope of this function gives a direct access to the mass diffusivity, see Figure
2.5(e). Once again, the analytical inverse method used here enabled a very efficient
process of the data to carry out quantitative mass transfer characterization under
thermally controlled environment.

Kinetic parameter measurements in acid-base reaction
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Figure 2.6: Measurement of concentration fields from the absorbance spectra. (a)
The IR-transparent microchannel used for the acid/base reaction and the associated
IR image. (b) A typical interferogram recorded in the channel and (c) the IR
spectrum obtained after processing the interferogram.

After this first success, the idea was to push further the quantitative analysis using
a more complex system made of three species: acid, base and resulting salt, i.e.
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HCL + NaOH — NaCl 4+ H30. A similar T-shape channel was built with the
help of the LOF, to make sure it will be fully transparent through the whole IR
range (2 - 6 pm) of our imaging system. Compared to the previous study, an
improvement in the design was made by capping the channel with a sapphire wafer
instead of PDMS making this chip twice more IR-transparent, see Figure 2.6(b).

The first difficulty to be lifted in this work was the conversion of the IR camera
interferogram (typically the one in Figure 2.6(c) for one pixel) to IR spectra. Once
again, a demodulation algorithm based on FFT was written to get the IR spectrum
in Figure 2.6(d). The information concerning the concentration of each species in
each pixel of the channel was then obtained by an inverse methods, based on the
multicomponent Beer-Lambert law introduced earlier (section 2.5) as

c=[u"p " pA, (2.9)

where ¢ = [c1cac3]” is a vector containing all the species concentration (acid, base
and salt), p is a matrix containing the species absorptivity coefficient spectra and
A is a vector containing the spectrum measured in each pixel (Figure 2.6(d)).
Again, the use of an analytical inverse methods based on least squares ensure a
fast processing (around 1 GB of data processed in 10 s). It is important to note
that such method is well adapted as long as the absorptivity coefficient spectra of
each compound are not correlated. In such case, more complex algorithms must
be employed to convert the absorbance spectrum into concentration [Brereton 2000)].

One of the main results of this study was to get the simultaneous measurement
of the concentration fields and the temperature fields generated by the chemical
reaction. They can be seen in Figures 2.7(b) and (¢). A schematic of the reaction is
given in Figure 2.7(a) to help the understanding. The last step of this work, was to
compare this raw data to a mathematical model governing the advection-reaction-
diffusion of the chemical in microfluidic chip, such as:

V- (—=DVe¢+ 0c) = £R, (2.10)

where R is a chemical rate which is a function of the kinetic coefficient k..
The particular geometry used in microchannel makes possible to derive several
analytical solutions to equation 2.10 depending of the flow rate regime. The details
to get these solutions can be found in [Chevalier et al. 2021]. At the end, the
mass diffusivity coefficient D for acid and base in salt were obtained as well as
the kinetics reaction rate k,. It is the first time that these values were obtained
simultaneously, based on analytical process of the spectra and concentration fields,
opening the door to almost on-line chemical analysis. To verify the good agreement
of the value estimated, the comparison between the salt concentration distribution
and equation 2.10 is made in Figure 2.7(d).
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Figure 2.7: Measurement of multicompound concentration fields. (a) A schematic
of the acid/base reaction. (b) Concentration fields measured for the 3 species. (c)
The associated temperature fields obtained during the chemical reaction and (d) the
validation of the model using the mass estimated transfer parameters.

Finally, associated with the temperature fields measured during the reaction,
our thermospectroscopic setup has a ability to make contactless microcalorimetry to
measure reaction enthalpy coefficient. However, the temperature signal is still quite
weak and the direct measurements of temperature in semi-transparent media remain
inaccurate due to the numerous source of noise (as discussed earlier). Thus, there is
still a large amount of work to push this methods toward such kind of calorimetry
measurement. An association of lock-in method introduced by pulsating flow maybe
a path to follow to transpose the thermal techniques develop in solid body to the
mass transfer characterization. Such ideas to improve temperature measurements
in fluid will be developed in the short term perspective of my research project.
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2.2.2 Qualitative 3D absorbance fields in a capillary tube

From the development of the FTIR spectroscopic setup for 2D images in M.
Garcia and K. Krause PhD, a step forward was followed through the PhD work
of A. Aouali. The idea was to image a sample with different angle positions on a
rotating stage to create a sinogram and process it through inverse Radon transform.
Working principles of 3D image reconstruction are briefly summarised hereafter
before to evaluate the proof-of-concept of 3D multispectral absorbance fields in a
capillary tube.

Radon transform working principles

The absorbance defined in equation 2.5 is rewritten in 3D as:
Ly
Az, z,0,\,C,T) = —logo[I'(z,2,0,\,C,T)] = / w(x, z,y, A\, C, T)dy, (2.11)
0

where I' is the light transmission. In equation 2.11, it appears that the absorbance
measured along the optical path of the light is the sum of the local absorptivity
coefficient. By changing the optical path using a rotating stage (see Figure 2.8),
it is possible to deconvoluate equation 2.11 to get the local absorptivity coefficient
and identify the local material and its concentration.

Motorised Rotating
stage

: Reconstruction cube

A1, 4, : spectrale range of IR camera,respectively 1.5 ym and 5.5 pm

Figure 2.8: Working principle of the Radon transform.

The acquisition sets of each line of the Radon transform (angular projections)
obtained for rotations between 0 and 27 is called a sinogram. Figure 2.8 shows
the representation of sinogram acquisitions as a function of the rotation angles.
Absorbance slices are reconstructed from sinograms calculated previously using the
filtered back-projection method. This method allows us to perform inverse Radon
transform which is essentially based on the application of an operator defined as
follows:
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B[,u(m,z,y,A,C)]:/ A(zcosf + zsin 6,60, ), C)db, (2.12)
0

where A designates the Fourier transform in the polar coordinate of absorbance A.
Finally, the 3D absorptivity field is reconstructed using the following equation:

w(x, z,y, A\, C,T) = B{}"*l[}"[[l(m,z,ﬁ, A C T - W (2.13)

where B represents the back-projection filter, F represents the Fourier transform,
and W represents the ramp filter. By analyzing equation 2.13, it can be determined
that the sections reconstructed using the back-projection method physically repre-
sent the normalized absorption coefficient of the vial. This method allows access
to the intrinsic absorption coefficient and therefore to the qualitative chemical in-
formation with a phase separation of each compound in the sample. The previous
methods is detailed in the following article [Aouali et al. 2020].

Absorbance 3D fields

The proof-of-concept of the 3D absorptivity fields was done through a semi-
transparent capillary tube filled with water, air and ethanol. An air bubble was
introduced between water and ethanol to separate them, avoiding any mixing.

These three fluids has a significant IR spectrum, see Figure 2.9(a), allowing
for discrimination of each component. The 3D absorbance was reconstructed for
2 specific wavelengths (3.5 and 4.6 pm) to illustrate the segmentation between
the compounds. As shown in Figure 2.9(b) to (d) it was possible to retrieve the
position of air, water and ethanol in the capillary tube.

These first results were very promising since they validate both our ability to
measure a multispectral sinogram using a rotating stage, and deconvoluate it using
an inverse Radon transform algorithm to obtain the 3D absorbance fields. How-
ever, the results were only qualitative at this stage (only phase separation of the
compounds). The quantitative aspect of the absorbance was lost during the inverse
method. Further works will pursue this effort, in the fundamental point of view, to
develop a quantitative inverse method and makes possible to obtain 3D concentra-
tion fields in microfluidic reactor. The forthcoming actions to achieve this goal are
detailed in the research project at the end of this part.
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Figure 2.9: (a) Transmittance of water, ethanol and PFA tubing. Dimensionless
reconstructed 3D absorptivities maps of the PFA tubing: (b) 3D absorptivity map
at A = 3.5 um, (c¢) 3D absorptivity map at A = 3.5 pm with coloured segmentation
for each media, (d) 3D absorptivity map at A = 4.6 pm, (e) 3D absorptivity map at
A = 4.6 pm with coloured segmentation for each media.

2.3 From 2D to 3D temperature field reconstruction

The works done through A. Aouali and C. Bourgés PhD thesis to achieve 3D mea-
surements of the thermal fields are exposed in this section. They both rely on
contactless method using IR cameras and inverse methods to reconstruct the 3D
field. Two techniques were investigated: the first one was based on source recon-
structions in opaque media from thermographic measurements, and the second one
was based on thermal field reconstructions from lock-in thermotransmittance.
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2.3.1 Main working principles in source reconstruction in opaque
media

Sources in heat and mass transfer can have multiple origins: from Joule effect or
molar flux at the electrode/electrolyte interface to heat release during a exothermic
reaction. In most systems, reconstructing the sources means that a lot of informa-
tion concerning the kinetics, the heat losses, the transport properties must be known.

An extensive literature exists on this topic, see for example the works from
|Burgholzer et al. 2017b|, or [Maldague 1993| in Non Destructive Testing (NDT).
This topic is also an important part of the work developed in TIFC team in
Bordeaux, with a lot of works concerning the source reconstruction in the bulk
of opaque material based on thermography, see for example the recent work
from |[Groz et al. 2021] where heat source reconstruction were used to obtain the
profilometry profile of buried interfaces.

In order to understand the main working principles and challenges of such source
reconstruction, inverse method used in heat transfers are briefly recalled. The recent
achievements on this topic done during A. Aouali PhD are then reported.

Inverse method challenges in heat transfers

A common formalism to describe the transfers through a system is to use a convolu-
tion product. The system is modelled by its transfer function (in Laplace transform
space) or its impulse response in time domain. The response of the system, i.e.
a temperature or concentration field, is then obtained by convoluting the impulse
response to a source or a boundary condition. Mathematically, this can be written
as

T(Z,t) = u(t) ® h(Z, 1) (2.14)

where T'(Z,t) is a transient temperature fields, u(t) is a source or boundary condi-
tion, h(Z,t) is the impulse response, and ® designates the convolution product!.

The use of pulsed sources, i.e. wu(t) = 0(t), where 0(t) is the Dirac distribu-
tion, is one of the most common technique to have an analytical description of the
field T'(Z,t). In heat transfers, pulsed lasers are generally employed to produced
short heat source from ns to ms. This is the case for the flying spot thermography
[Salazar et al. 2020, Rashed et al. 2007|, used in NDT and heat diffusivity measure-
ments. The great advantages of this techniques is (i) to ensure a very high SNR
since lasers enable a high heat flux (several mW) on a very small area are (few
mm?), (ii) to compute an analytical description of the heat transfer diffusion after
the Dirac excitation |Gaverina et al. 2017], i.e. the heat transfer impulse response

'In this example only the temporal convolution is considered, but the method can be extend to
the spatial convolution, i.e. such as in the case of heat diffusion in periodic regime.
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(z—20)®> _ (y=y0)*
exp (gt ~ “1a
T(x,y,z=0,t) = Q < dast dayt ) (2.15)
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The word reconstruction is synonym of deconvolution when used in inverse meth-

ods. It is different from the previous parameter estimation in a sense that a function
needs to be estimated, not a scalar. In other words, the solution u(¢) must be found
in equation 2.14, knowing T'(Z,t) and h(t). Usually, equation 2.14 is written in
discrete form (as the measure is discrete by definition) using a matrix formalism.
At a position Zy we have

(T) = [h](w), (2.16)

where [h] is the Toeplitz matrix of the impulse response at xg, (T") and (u) vectors
of the temperature and source, respectively. This latter is in theory obtained by
inversing equation 2.16, or deconvoluting [Woodbury et al. 2023] as

(u) = [B] (D). (2.17)

But in practice this method does not work due to the experimental noise and
model bias. It is the so called "ill-posed" problem, as defined by [Hadamard 1902].
Because of this, numerous deconvolution methods were developed over the past
century to ensure a stable solution to equation 2.14.

The least squares and Tikhonov regularization are one of the main regulariza-
tion methods. One can cite the sequential and future time methods developed by
Woodburry and Beck [Woodbury 1999] which are also widely used in heat flux
estimation. Those methods are today well understood and has been employed in
many applications, even if the choice of the Tikhonov parameter or the time step
r in the future time is still somewhat arbitrary. The main challenges remain in
the efficiency of these method to treat a large quantity of data and the numerical

cost in the matrix inversion of [h]™!

. Thus, in the recent years, inverse methods
developed directly in Fourier spaces or using modal decomposition based on
singular values were particularly suited for these applications |Ayvazyan 2012].
Source reconstruction inspired by acoustic methods has also started to emerge
[Burgholzer et al. 2017b]. All these recent approaches are presented as one of the
best solutions to reconstruct heat and mass sources from a large set of images at a

reasonable computational cost (few minutes or less).

Source reconstruction in thin carbon film

In the framework of A. Aouali PhD thesis, these challenges were addressed to recon-
struct heat sources from a laser on a thin carbon film. Such work was motivated by
the development of a new THz to thermal converter [Aouali ef al. 2023a). An im-
portant work on direct modelling and inverse methods was done to achieve this task.
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Figure 2.10: Schematic of the direct modelling of the heat transfers in thin carbon
film. (a) Geometry used. (b) Electrical equivalent impedance network.

The geometry of the thin carbon film in air can be schemed as in Figure 2.10(a)
with three layers (air/carbon film/air) and an internal heat sources. In such case,
an impedance network of the transient heat transfers was derived based on the
Fourier/Laplace integral transforms [Maillet et al. 2000]. It can be modelled using
an equivalent electrical circuit as the one depicted in Figure 2.10(b). Such formalism
is really convenient since the 3D transient heat transfers simply write:

1 1 1\ !
Orn = < + — + ) XY, (2.18)
2, 7,

where 67, is the transforms temperature fields (see all the details in
[Aouali et al. 2021]). The great advantage of equation 2.18, aside from the
analytical solution, is its formalism similar to equation 2.16. Thus, classical
inversion methods with Tykhonov regularisation was used in combination with a
Wiener filter in Fourier space to speed up the inversion and filter the signal. Such
methodology was one of the main achievement obtained during A. Aouali PhD
thesis with a lot of outcomes both concerning the direct modelling (impedance
formalism) and inversion method (Wiener filter).

To illustrate the source reconstruction done, the experimental measurements
done using thermography and short laser pulse is presented in Figure 2.11(a).
The source reconstruction (energy deposited by the laser) is presented in Fig-
ure 2.11(b) and (c). One can note the quantitative data obtained in this work
[Aouali et al. 2021|. Extensions of this method was also done through 3D imaging
of semi transparent samples from visible to THz range [Aouali et al. 2023a], or in
the development of high intensity power meter [Aouali et al. 2023b]. This funda-
mental work was also at the onset of the Radon method presented in section 2.2.2
where similar inverse methods in Fourier spaces were done.
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Figure 2.11: (a) Experimental setup. (b) Image of the reconstruction source, and
(c) spatial distribution of the power density of the source

2.3.2 Qualitative laminography in semi-transparent media based
on thermotransmittance

Lock-in thermotransmittance setup

One of the recent outcome these last three years was the development of a thermal
field imaging method dedicated to semi-transparent media. As it was said in
section 2.1.3, classical thermography techniques used for opaque media cannot be
transposed with semi-transparent ones. An alternative is to use a a method based
on the thermotransmittance property of the IR light. This work was mainly done
during the C. Bourges PhD [Bourges et al. 2023 in collaboration with the physics
laboratory of Bordeaux (LOMA with S. Dilhaire).

To compensate the weakness of this signal (see equation 2.8, a lock-in method was
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developed as schemed in Figure 2.12(a). It is an adaptation of the well known lock-
in thermography [Busse et al. 1992] to thermotransmittance. Using this method, it
was possible for the first time to detect less than 1% of IR signal variation though
a semi-transparent body at the microscale. The success of this measurement relies
on the combination of two things:

e an orignal setup combining contactless imaging system, and local thermome-
ter/heating source which can be easily modulated,;

e an inverse methods based on efficient demodulation algorithm (FFT) associ-
ated with an analytical model to process the thermal fields and to measure
the thermophysical properties of the material.

The setup described in Figure 2.12 is similar to one depicted earlier in Figure
2.3, including a chopper to separate the transmitted signal from the proper
emission, see the section 2.1.1. In this study, the transmitted signal is modulated by
the temperature of the sample, heated by Joule effect using a thin gold resistance
(see Figure 2.12(b)). The resulting temperature variation of the transmitted signal
can be seen in Figure 2.12(c) for one pixel of the camera. As it was mentioned, the
signal is weak, less than 1% of variation for a temperature modulation of about
10-20° C. This illustrates the need for lock-in methods in order to increase the
SNR.

The other great advantage of the setup designed during C. Bourges PhD, is
the use of the gold resistance as local thermometer: the voltage measured at the
resistance edges is used as a probe to estimate the temperature variation. This
methods relies on the well-know 3w technique [Cahill 1990], and it was implemented
on this setup so the resistance temperature of the surface of the sample is known.

The demodulation of the signal presented in Figure 2.12(c) was done using a
classical FFT algorithm which is particularly efficient to process images. A 1 GB
images containing 128 x 128 pixels over 10 min (roughly 20,000 images) can be
processed on few seconds on a classical laptop using Matlab. The results for one
pixel is presented in Figure 2.12(d).
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Figure 2.12: Thermotransmittance measurement principle. (a) Experimental setup.
(b) The glass wafer with the coated heating resistance in gold. (c) Typically recorded
modulation in the transmitted light. (d) Results of the demodulation.

Average temperature and thermal properties measurements

As reported previously, the images are processed through an inverse method relying
on an analytical model for improving time efficiency and accuracy. Once again, lock-
in measurements are very convenient as they enable direct solving of the heat transfer
equation in 2D in Fourier space by adopting the following complex decomposition:

T(x,2,t) = To(z, 2) + 0T (x, 2, wp )T (2.19)
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where T designates the complex solution of the temperature fields, Ty is the steady
stade field and T(z, z,wr) is the complex temperature field solution in the Fourier
space. Such kind of decomposition can also be viewed as a Fourier transform to
move from the time space to the frequency space.

The semi-transparent material geometry is schemed in Figure 2.13(a) with the
axis and the beam path. It needs to be recalled that the measured signal is the
average temperature, T, (x,t), in the beam path direction. Therefore, it was shown
that the heat equation to be solved is only the 1D diffusion as

P (x,t)  19T,(x,1)

. 2.2
0z? a Ot (2.20)

Solving this equation in Fourier space using the decomposition 2.19 and in the
semi-infinity space in « leads to the well-known complex solution?

6T, (z,w) = T exp (—:B\/in/a) . (2.21)

The modulus of T, (z,w) measured experimentally is presented at a frequency
of 80 mHz in Figure 2.13(b). It varies between 5 and 0.1 K in average and decay
rapidly over 1 mm validating the semi-infinity assumption in z direction.

Beyond the prediction of the average temperature variation in semi-transparent
media such technique is a convenient contactless method to measure the thermal
diffusivity. A frequency studiy in Figure 2.13(c) and (d) have shown that thermal
modulation higher than 50 mHz needs to be used in order to assume no heat losses
by convection and to ensure the validity of Equation 2.21.

Finally, the monochromatic thermotransmittance coefficient (see equation 2.8)
was also estimated using this method. This value gives valuable insights of the
light matter interactions when a sample is heated. Such measurements have a great
impact in physics to better understand this behaviour in the mid-IR range, a domain
which was poorly studied. A recent publication from the group brought new insight
on such behaviour 77.

2This proposed 1D solution does not give the value of §T7 since only the heat flux is known.
The full complete 2D solution needs to be solved for this. It has been done and can be found in
[Bourges 2023].



Chapter 2. Toward three-dimensional imaging of heat and mass

32 transfers
(a) (b)
(P(X,t) : : Modu\us5(K)
0 ~ £
§ =
c
N s 05
~N @
L — :
z 0/////////////////|_' X >
X 15 B 2 25 3 005
Z ‘ X position (mm)
Beam path
(c) (d)
0 _ Tfr A07
a= -7
.. 10 mHz slope? 2
Lo £ —
E s
=-05 100 mHz 8 Z b
© 2 5
3 2 ol
ﬁ . fr7 e % 4
o Té, ’“
3
_§ »*
15 = 2 )
o 05 p 0 20 40 60 80 100
Distance (mm) <1073 Frequancy (mHz)

Figure 2.13: Processing the thermotransmittance signal. (a) Geometry used to
model the heat transfers in 2D. (b) Average temperature modulus measured. (c)
Phase shift measured for a range of temperature modulation (d) Heat diffusivity
estimation from the phase for a range of temperature modulation.

Proof-of-concept of the thermotransmittance laminography

Once the principles of the temperature measurement based on thermotransmittance
was mastered in 2D, it was translated to 3D cases. To do so, we use the property
of average temperature measurements along the optical path and a thick sample
with a thermal gradient in the depth.

The mathematical principles of the laminography are not recalled here, but
can be found in detailed in C. Bourgés manuscript. Basically, laminograpgy is
an extension of Radon tomography where the sample is rotated and tilted on
an axis not perpendicular to the beam path, as schemed in Figure 2.14(a) and
(b). The thermal modulus is then measured for each position and a reconstruc-
tion algorithm is used to extract the 3D temperature fields from each 2D projection.

The first results of the 3D reconstruction of the thermal modulus are presented in
Figure 2.14(c). Three different planes and slices show the temperature distribution.
At this stage the data are still qualitative; only the distribution was reconstructed,
not the magnitude. In addition, several artefacts, due to the presence of the resistor,
are visible on the images. An important work on the inverse methods, and filtering
techniques still need to be done to remove such artefact during the reconstruction.
Last but not the least, a fundamental understanding of the laminogaphy recon-
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struction needs to be achieve to switch from the qualitative data presented here to
a quantitative temperature distribution in the bulk of semi-transparent materials.
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Figure 2.14: Reconstruction of 3D temperature fields based on laminography. (a)
Schematic of the setup. (b) Photography of the bench including the prototype of the
rotation stage. (c) First results of the reconstructed thermotransmittance modulus.
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2.4 Conclusions

This chapter has reviewed the main achievements made during the last 5 years in
the domain of contactless methods to measure the heat and mass transfers. The
state-of-art IR-based method were exposed and the main remaining challenges
were addressed. In particular a need toward quantitative 3D imaging was pointed
out since such goal was never achieve in my previous works. Temporal and spatial
resolution were also limited to few seconds and few tens of pm/px with our
current setups. Nonetheless, since my arrival in 2018 and with the work of 4 PhD
candidates from 2019 to early 2024, the following advances were made.

On the technological (or instrumentation) point of view, a microfluidic imaging
platform has emerged to characterise both the concentration fields and the main
transport /transfer properties. Two fully open and multispectral microscopes
(one IR and one visible) were built and are now used routinely in the lab. The
development of these tools was accompanied with an advanced data processing
inherited from the TIFC team inverse method expertise. Strong collaborations with
the chemistry laboratories (LOF and ICMCB) in Bordeaux were also tightened
through these projects and are still undergoing.

On the fundamental side, a new methodology has emerged from these last five
years was the development of a lock-in thermotransmittance imaging technique to
measure both temperature and thermophysical properties in semi-transparent me-
dia. This work is quite original in the community and has a great potential to
develop 3D imaging methods for semi-transparent media as demonstrated in proof
of concept of thermotransmittance laminography. The development of this tool was
also done in collaboration with the physics laboratory in Bordeaux (LOMA), and
is now routinely used to measure the thermal property in semi-transparent in the
TIFC team. Finally, to understand how these new developments can be transferred
toward microfluidic energy conversion devices, a second chapter dedicated to my
past works will summarise my main achievements to characterize these devices.
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This chapter describes my research applied to electrochemical energy systems,
i.e. fuel cells & electrolyzers from the macro to the microscale. They were mainly
focused on imaging transfers in such systems through the study of two phase flow
transport in porous layers and the estimation of the main thermophysical param-
eters in microfluidic fuel cells and electrolyzers. IR imaging methods presented in
chapter 2 and X-rays spectroscopy were applied to these electrochemical systems
to make operando measurements of concentration and temperature fields.

3.1 Elucidating the two-phase flow transport in fuel cell
GDLs
3.1.1 Fuel cell and electrolyzers working principles

PEMFCs are the main technology used in the fuel cell market. They include a
Polymer Electrolyte Membrane (PEM) as electrolyte and separator between anode
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and cathode. On each side of it, one can found the Gas Diffusion Layer (GDL)
with a coated catalyt layer where the electrochemical reaction takes place. Finally,
two channels on each side of the system feed the fuel cell with air and hydrogen
(or water in the case of electrolysis). A schematic of these systems is proposed in
Figure 3.1.

The particularity of these electrochemical systems is that there are multiples
phenomena or transfers occurring at multiscales: from the sub-micrometer sale in
the catalyst layer and membrane for the proton transport to the millimetre scale
for the liquid water transport in the channel. Characterization methods used in my
past works were adapted to these different scales.

'PEM Electrolysis Cell ~~(H,0 »~  PEM Fuel Cell

2e 2e
H, ¢= H, "=
: | L ’ | .
Cathodic PEM Anodic Anodic Cathodic
catalyst catalyst catalyst catalyst

Overall reaction: H,0 - H, +72 0, | | Overall reaction: H, +7%: O, - H,0 ‘

Figure 3.1: Schematic representation of PEM electrolyzer and fuel cell ([Lamy 2016])

In order to get the big picture of the impact of such transfers on the PEMFCs
performances and thermophysical properties, a schematic of the main fuel cell
component is depicted in Figure 3.2. The liquid water produced by the electro-
chemical reaction in the catalyst layer is used to humidify the PEM, but needs to
be evacuated from the system in order to not clog the channel nor the GDL pores.
An exhaustive list of the different phenomena affecting the fuel cell performances
due to the liquid water is proposed in Table 3.1.
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Figure 3.2: Schematic representation the impact of liquid water in fuel cells porous

layers.
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active surface of the exchange current Siegel et al. 2004,
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GDL pores, blocking : ; Litster et al. 2006,
3 porosity € and mass dif- )
the reactant access to fusivity D Chapuis et al. 2008,
the catalyst. VI Liu et al. 2006]
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Channel flooding block- f}hannel cross section S., [Bazylak 2009,
) increase of the pressure Lee & Bae 2012,
4 ing the reactant access

to the catalyst.

drop AP, and decrease
of the reactant velocity
v.

Barbir et al. 2005,
Ding et al. 2013]

Table 3.1: Description of the different phenomena affecting the fuel cell performances
(see the corresponding numbers in Figure 3.2).
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From Figure 3.2 and Table 3.1, it can be understood that the two-phase flow
transport (liquid water and gas - air or hydrogen) occurring in the GDLs, channels,
catalyst layers and PEMs has one of the greatest impact on fuel cell performance.
It can be a beneficial or a limiting factor for the system. In this context, operando
imaging of the liquid water in all these layers was one of the main challenges I
tackled during my research in Canada and my Marie Currie fellowship in Nantes
University. The goal was to provide both a deep understanding of the two-phase
flow mechanisms to optimize the fuel cell performances, and to provide operando
diagnostic tools to help the liquid water mitigation. To do this, I was able to develop
an experiment based on X-rays imaging, pore network modelling, and analytical
modelling of fuel cell impedance [Chevalier et al. 2016b)].

3.1.2 X-ray synchrotron imaging

Imaging methods based on X-rays were almost routinely used by several groups in
the research community to probe the liquid water at the microscale in the different
layers comprising a PEMFC [Shrestha & Bazylak 2023]. The working principles of
this method is straighforwad and it is schemed in Figure 3.3(a). A first X-ray image
is taken before to start operating the fuel cell. This image is called background
Iy, see the grayscale image in Figure 3.3(b). Then, the fuel cell is operated and
the current production results in liquid water production in the catalyst layer
(i.e. by mass and charge conservation - given by Faraday law). This liquid water
is then transported to the GDL and channels where it makes X-ray beam to be
attenuated. Finally, this attenuation is linked to a liquid water thickness in the
beam path, as modelled by the Beer-Lambert law 2.6. An example of the liquid
water thickness measured during the fuel cell operation can be seen in Figure 3.3(b).

It has to be noted that such X-ray spectroscopy is similar to the IR spectroscopy
developed at Institut de Mécanique et d’Ingénierie (I2M). Nevertheless, X-rays are
high energy lights which are able to penetrate through thicker material and enable
a better spatial resolution, down to the micrometer in the experiments I performed.
The downside of this technique is the confined environment required to use X-ray:
these experiments were only conducted at synchrotron facilities, for a limited beam
time and in a close hutch, meaning that all the fuel cell operation needed to be
done remotely.

Despite the great beam penetration of X-rays, fuel cell design needs to be
specifically thought to perform successful imaging. The material thickness in
the beam path were minimised to enhance the SNR, but also ensuring the leak
proof of the cells. All the operating condition (flow rate, temperature, pressure,
humidity) were also thoroughly controlled [Chevalier et al. 2016a]. Once all these
technological challenges were lifted, many studies were performed to improve the
fuel cell performance by controlling the two-phase flow transport.
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Figure 3.3: X-ray imaging method: in operando visualization of liquid water in
PEMFC GDLs. (a) Fuel cells developed for X-ray imaging. (b) Background and
liquid water images in the GDL. (¢) Effective porosity measured in two GDLs after

ageing.

Among all the works I carried out on this topic, one can cite the role of
fibres size and orientation of the GDL. It was found that the ohmic resistance
of the fuel cell is significantly increased with increasing inter-fiber distance.
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It was also observed that the addition of a hydrophobic treatment enhances
membrane hydration, and fibres perpendicularly aligned to the channel direc-
tion may enhance the contact area between the catalyst layer and the GDL
[Chevalier et al. 2017a, Chevalier et al. 2017b]. The effect of GDL aging on poros-
ity distribution was also conducted, see Figure 3.3(c), where micropore degradation
were observed for the first time during fuel cell ageing. In total, during my two-year
postdoc in Canada, I was able to perform more than ten studies to elucidate the
role of the different fuel cell layers in the liquid water transport. The complete list
of these publications can be found in chapter 9.

3.1.3 Two-phase flow modelling

Along with the images collected using X-ray, 1 have developed two main tools
to study/understand the effect of two-phase flow transport on fuel cell perfor-
mance. The first one, already developed in A. Bazylak’s group is called Pore
Network Modelling (PNM). Briefly, it consists in discretizating a 3D geometry
of a porous media, i.e. a fuel cell GDL in Figure 3.4(a), into an equivalent 3D
pores network. I participated to the development of this code during my postdoc,
see [Chevalier et al. 2019]. The liquid water transport is then solved using basic
invagion percolation algorithm to find the main liquid water pathways. The main
advantage of such technique is the low computational cost: the liquid water
breakthrough in a large scale (few mm?®) 3D geometry can be solved in few minutes.
It is far more efficient compared to the classical Computed Fluid Dynamic (CFD)
technique which required high performance calculations. But such method provides
only a global information (pore filling or not).

Applied to a GDL from a high temperature fuel cell, this methods enable to get
a better understanding of the role of the micropourous layers at the catalyst/GDL
interface. The cracks in microporous layers act as preferential pathways for the
liquid and enable to keep the catalyst layer hydrated (see the pink phase in Figure
3.4(c)). Such behaviour was clearly observed in the simulations performed using
PNM and the ex-situ performance tests carried out on such high-temperature fuel
cells.

At the macroscale, I developed a lot of methods to predict and understand
the role of the two-phase flow transport on fuel cell performances. These works
were done through the use of Electrochemical Impedance Spectroscopy (ELS)
combined with a physical modelling of the fuel cell performance. These methods
were developed during my PhD and applied all along my two postdocs, and for
microfluidic electrolyzers testing during K. Krause PhD.
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Figure 3.4: PNM of the two-phase flow transport at the pore scale. (a) GDL tomog-
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(c¢) Electrolyte invasion in the microporous layer and GDL in a high temperature
PEMFC

The key element in the success of this methods was to be able to derive an
analytical equation of the fuel cell frequency behavior which can be used in an
inverse method algorithm. Such approach combining impedance and analytical
models was at the onset of my research works, and it is very similar to what was
developed in C. Bourgés PhD thesis to solve the modulated heat transfer in semi
transparent media (see section 2.3.2).

The first steps to develop this analytical model was to identify the representation
fuel cell geometry from the 3D structure to the 2D geometry (see Figure 3.5(a) and
(b)). Then the transient transport equations: advection in the channel, diffusion in
the GDL and electrochemical reaction in the catalyst layer were solved in Fourier
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transform spaces using the following complex decomposition:

j(@t) = 4(2)° +65(Z,w)e™" (3.1)

c(@t) = @)+ Se(F,w)e™

where j and c are the complex current density and concentration fields, respectively.
Such fields are decomposed in a steady part, j(Z)°, and a modulated part, §;(%,w),
to model the fuel cell frequency behaviour. By using this formalism, an analytical
description of the low frequency impedance of the fuel cell was obtained by solving
the advection-diffusion-reaction problem in fuel cell:

(1 — A)(w+ M tan(w/2) + w?/\* cscw
(1 = A)(\* —wtan(w/2) — w3/ cscw

where @ is the impedance phase of the fuel cell measured by EIS and A is the
oxygen stoichiometry defined as the ratio between the air flow rate and the oxygen
needed to produce the fuel cell current.
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Figure 3.5: Macroscale characterization of the two-phase flow transport in PEMFC.
(a) 3D Fuel cell geometry used to model the impedance. (b) 2D schematic of the
transport phenomena. (c¢) Low frequency impedance used to detect channel flooding.

The details to obtain Equation 3.3 can be found in |Chevalier et al. 2018] and
[Chevalier et al. 2016b]. Despite of the apparent complexity of equation 3.3, we
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were able to show that a change of oxygen stoichiometry A produces a phase
shift on the EIS response. Therefore, when a liquid water flooding or drying in
the GDLs and/or fuel cell channels occur, the oxygen stoichiometry is impacted
and quantified by measuring the low frequency phase shift. Such scenario was
successfully applied experimentally and the results are shown in Figure 3.5(c) for
two oxygen stoichiometries.

To conclude, the multi-scale modelling of the effect of the two-phase flow trans-
port in fuel cells was thoroughly investigated in my past research. At the micro-scale
to elucidate the transport mechanism and the role of the different fuel cell materials.
At the macro-scale to build diagnostic tool in order to prevent non optimized liquid
water transport. The main outcomes of these research were modelling and imaging
tools developed which are now used in several research groups in Canada, Germany,
France... This is from these strong basis that I transposed the X-ray imaging meth-
ods and fuel cell modelling to IR-based imaging experiments applied to microfluidic
fuel cells and electrolyzers.

3.2 Operando mass transport imaging in microfluidic
electrochemical systems

The second important activity carried out at I2M since my arrival has been
focused in elucidating the mass and charge transfer in microfluidic electrochemical
systems. I was able to fund these activities through three main projects: an Agence
Nationale de la Recherche (ANR) "Jeune Chercheuse, Jeune Chercheur" project,
and two Centre National de la Recherche Scientique (CNRS) Joint PhD program
with the University of Toronto and more recently with Tokyo University.

Two main outcomes were achieved in the framework of these research. During M.
Garcia PhD, an novel image-based method and model was developed to estimate the
mass transfer in microfluidic fuel cell by measuring few pM concentration changes
|Garcia et al. 2023b]. In parallel, in K. Krause PhD, and following my expertise
of liquid water imaging using X-ray, a new liquid water electrolyzer designed for
IR-based imaging was developed [Krause et al. 2023]. It has enabled to probe the
liquid water content in PEM.

3.2.1 Working principle of flow based electrochemical energy con-
version devices

Before to go in details concerning my main contributions to the fields, the main
physical phenomena governing these flow based electrochemical energy conversion
devices are described. Optimal designs of these devices depend strongly on the
trade-off between the losses associated with multiple transport processes: advection
and diffusion of reactants and products, migration of ionic species, and electrical
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charge transport. A balanced assessment of the compromise between these losses is
provided for a broad range of electrochemical reactors.
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Figure 3.6: Schematic representation a membraneless microfluidic electrolyzers from
[H. Hashemi et al. 2015]

Among several technologies;, MFCs or electrolyzers have the advantage to
be fabricated using microfluidic facilities and without any PEM as separa-
tor, reducing the complexity of these systems. MFCs are microscale systems
used to convert the chemical energy contained in fuels directly into electricity
|[Kjeang et al. 2009, Lee et al. 2013], making these devices promising energy sources.
Such devices are composed of a microfluidic channel that ensures rather good control
of the hydrodynamic conditions. In the channel, two electrodes are embedded to
enable an oxidation reaction at the anode and a reduction reaction at the cathode.
Such MFC can be used both as fuel cell or electrolyzers, which makes this technology
a promising candidate for energy conversion and storage. A wide variety of MFCs
are present in the literature, and more details about them can be found in the follow-
ing comprehensive reviews [Ibrahim et al. 2022, Zhou et al. 2021, Wang et al. 2021].

A schematic of a microfluidic electrolyzer is presented in Figure 3.6. In
most systems, there are no porous layers in the microchannel making them
easier to fabricate with the downside to make their performances highly depen-
dant of the mass transport. To fully understand the relationship between mass
transport and MFC performance, a deep look to the governing equation is necessary.

The main equations governing the performances of fuel cells and electrolyzers
can be divided into three main kind:
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e advection-diffusion of reactants in the microchannel:

oe — V- (Gc+DVe)=0 (3.4)
ot

where c is the reactant molar concentration, ¥ the velocity profile and D the
mass diffusivity. This equation usually describes the transport in microchan-
nel. Analytical expression of the velocity profile in microchannel can be found
in [Bruus 2008|.

e clectrochemical reaction at the electrolyte/electrode interface

o on . ¢ _.nn

J(@,t) = Cpro +io—re " (3.5)
where j is the current density produced or consumed by the system, Cpy, is
the double layer capacity, n is the overpotential, ig and b are the parameters
of the Tafel law modelling the electrochemical reaction. Using this equation
assumes a plane catalyst layer working far from the Nernst potential.

e charge transport in the electrolyte
V- (—oVy) =0, (3.6)

where o is the ionic conductivity and ¢ the electrolyte potential (different
from the electrode potential). The ionic conductivity is usually a parameter
which is barely known using theory but estimated for a range of operating
conditions (temperature, concentration, humidity...).

These equations are usually solved in steady state along the channel
[Braff et al. 2013] or in frequency domain to compute the electrochemical impedance
since this latter is usually measured using classical EIS. Therefore, the performance
of these electrochemical systems are investigated through the value of:

e the mass transfer parameters b and ig;
e the mass transport D;
e the electrochemical impedance Z(w).

Associated with such model, imaging methods need to be developed to measure
the concentration fields and therefore improving the parameter estimations. This
is where the use of microfluidic has a great advantage since it enables the use of
transmission spectroscopy from visible to IR as shown in chapter 2. Currently, IR
imaging developments and its application for energy electrochemical system is hot
topic [Sinton 2014, and I was able to bring two main contributions to this domain
as described in the next sections.
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3.2.2 Characterizing the kinetics at the electrode/electrolyte in-
terface in MFC

The present study focuses on a coflow membraneless MFC [Choban et al. 2004]
using formic acid (HCOOH) and potassium permanganate (KMnO,). This
system is relatively robust, is compatible with classical soft photolithography
micro fabrication techniques, uses nonhazardous chemicals and is easy to operate
[Lopez-Montesinos et al. 2011, Salloum et al. 2008]|. A schematic of this technology
is presented in Figure 3.7.

A first theoretical study to establish the main equations governing the mass
transfer was performed [Chevalier 2021]. In this work, I followed the same method-
ology used in heat transfers (and used during my PhD work): the solution was found
in term of integral transform and a convolution product. Therefore, the concentra-
tion fields of a reactant, i.e. acid formic, in the microchannel of a MFC can be
written as

AF,79) =14 j(&) ® H;(&,9), (3.7)

where j(Z) = j(%)l./(neFDcg) is the dimensionless current density distribution
along the electrode, and H; is the impulse transfer function based on the distribution
of the Dirac concentration flux, i.e. dé/dy|;_y = d(x). In the Laplace domain, this
transfer function is defined as:

Y 5oy — _ 2JalaeT™?)
Hi(p,9) = VP (Jag1(@) = Ja—1())’

and J, is the Bessel function of the first kind and ath order. The mathematical
details leading to this equation can be found in [Chevalier 2021|. This first result
demonstrates the direct bridge that exists between the methods and tools developed
to model heat ans mass transfers. Using equation 3.7 enables in theory to estimate
the current density field distribution from the measurement of the concentration by
deconvolution method using the impulse response (a similar methods developed in
the work of A. Aouali, see chapter 2). Equations 3.7 and 3.8 are here to illustrate
the wide versatility of the analytical model developed during my works: from the
mass transfers in MFC to heat transfers in semi-transparent media.
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Figure 3.7: One example of a membraneless MFC with electrode deposited on side
wall. Geometry used to develop mass transfer model in equation 3.8

After modelling the main physical phenomona governing the MFC performances,
a new setup was developed to measure the concentration profiles during the cell oper-
ation. This work was done during M. Garcia PhD thesis and lead to the development
of (i) a visible spectroscopic microscope (see Figure 3.8), and (ii) a MFC designed
to image and model the concentration field. The expertise developed during my
postdoctoral studies in fuel cell design and modelling was directly applied in this
work.

As mentioned earlier, the reactants (formic acid and potassium permanganate)
were chosen for their good performance [Kjeang et al. 2009] (few to hundreds
mW /cm?). In addition, permanganate potassium has the advantage to have a clear
light absorption at 540 nm in the visible range which allows the investigation of
mass transport at the cathode. However, mass transport at the anode can not be
studied since formic acid is transparent in the visible range. A specific study using
IR was performed to image formic acid concentration, but it is not detailed in this
manuscript, see ref [Garcia et al. 2023a].

Going deeper in MFC electrochemical reaction, formic acid oxidation at the
anode is
HCOOH — COy +2H™" + 2¢™. (3.9)

Permanganate reduction at the cathode is
MnOy +8H™" +5¢~ — Mn*" + 4H,0. (3.10)

In equation 3.10, one can observed that when a current is produced, the per-
manganate ions (MnQO;) are transformed into manganese ions Mn?*. Thus,
the current applied through the MFC electrodes triggers a decrease in the
permanganate concentration, which is measured by visible spectroscopy. It is
also assumed that Mn?T ions do not absorb light at the chosen wavelength,
and that no COgy gas bubbles from the reaction are formed during the experi-
ment. Such spectroscopic technique is similar to the ones used in X-rays or in
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IRs, and the effect of current density production can be seen on concentration fields.
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Figure 3.8: Schematic of the visible spectroscopy setup to image the concentration
in MFC.

Two main results were obtained from this work. First, it was the first time that
the molar concentration in an operating MFC was imaged around the electrodes:
see Figure 3.9(a). It is worth mentioning that we were able to detect a concentration
change of less than half mM using an house made microscope. An important
work was done in image treatment (time and space averaging) and imaging setup
optimization to achieve this goal.

The second main result obtained from this work was the quantitative estima-
tion of the mass transfers properties in MFC: namely the mass diffusity D and the
reaction kinetic kg. The concentration field was modelled using a convolution prod-
uct between the diffusive impulse response and the concentration at the electrode
boundary, y = e/2, [Crank 1975] as

v J o
c(z,y) :/ ce(x — x0) (—ygexp <—(y)> dxo,Vy > €/2, (3.11)
0 Ly Zo
where § = wvy?/(4D), e is the electrode width (in the y-direction), and
ce(z) = c(z,,y = e/2), is the concentration at the channel/electrode inter-

face. This model is really fast to be solved (few ms) and enable to be used on the
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large quantity of data collected through the images. After minimizing the norm
of the difference between the data and the model, the parameter D and k were
estimated for a range of operating current density (20 and 40 pA in Figures 3.9(b)
and (c), respectively).

This first work has lifted numerous technological locks: the cell was entirely fabri-
cated in house based on strong collaboration with chemist and physico-chemist from
the neighbouring laboratory in Bordeaux. The acquisition chain was completely
built from scratch and is now completely mastered. Therefore, this pioneer work
open mainly opportunity to investigate different operating conditions (temperature,
concentration, nature of reactants), catalysts (like Palladium) and microchannel
designs.
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Figure 3.9: Operando concentration imaging in MFC. (a) Experimental concen-
tration field of permanganate at the cathode. (b) and (¢) Comparison between an
analytical model and the experimental data after fitting the mass transfer parame-
ters for two current density: 20 and 40 pA, respectively.
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3.2.3 Probing the PEM hydration in microfluidic electrolyzers

In parallel to the development of the microfluidic platform, a collaboration with A.
Bazylak’s group (my former PI during my canadian postdoc) was initiated through
the joint PhD program fund by the CNRS and the University of Toronto. The
PhD thesis of K. Krause was at the heart of this collaborative work aiming at de-
veloping IR-based methods to image the charge transfer in microfluidic electrolyzers.

PEM electrolyzers are an attractive technology of energy storage when coupled
with sustainable energy sources (e.g. solar and wind), as the excess electrical energy
that is produced can be converted to chemical energy. However, the high material
costs of PEM electrolyzers have significantly slowed their commercialization
[Springer et al. 1991]. One solution to increase the commercial viability is higher
current density operation, but this is accompanied with increased overpotentials
and the risk of accelerating material degradation. Consequently, diagnosing the
mechanisms that cause material degradation in the corrosive reaction environment
will contribute to future optimizations and is essential towards realizing commer-
cialization [Dai et al. 2009].

The PEM is the core component in water splitting electrolyzers, and utilizes
perfluorosulfonate ionomers as a solid electrolyte to facilitate product separation
(>99.95% product Hy purity) and ion transport while being electrically insulative
[Allen et al. 2015]. PEM research has also been focused on the inter-relations
between its transport mechanisms, such as its water uptake (i.e. the number
of water molecules per sulfonic acid site of the PEM), the electro-osmotic drag
coefficient (i.e. the number of water molecules transported through the PEM per
proton), and the protonic conductivity |[Liso et al. 2015|. The comprehension and
impact of such transport mechanisms have triggered extensive research efforts
focused on characterizing the PEM in operating electrolyzers and fuel cells.

To answer this goal, a microfluidic PEM electrolyzer was developed specifically
for membrane water content characterization. Membrane hydration is characterized
via operando synchrotron F'TIR spectroscopy in the through-plane direction relative
to the membrane. The electrochemical performance and ohmic resistance of the
electrolyzer are concurrently assessed over a range of temperature conditions and
for two flow rates. The flow rates are intentionally selected to trigger cell failure
through either ohmic or mass transport dominated losses.

Before to operate the electrolyzer using synchrotron FTIR spectroscopy, an
important work was done during the fabrication of the IR transparent microfluidic
electrolyzer. The choice of the material and the design was crucial to successfully
probe liquid water through the PEM. As it can be seen in Figure 3.10(a) and (b) a
chip made of silicon, PEM and PDMS was used with the channels side by side to
let the beam crossing the PEM (see Figure 3.10(b)). The transmittance spectra of
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each layer indicates that a fairly good transmission band can be found between 10.5
and 11.5 pm in the far IR range. This wavelength range corresponds to the far IR
beamline from the Canadian Light Source in Canada. Beam time were asked and
granted to this light source and a collaborative work was done with A. Bazylak’s
group and her students using this microfluidic electrolyzer.

(b) IR beam (C) 60 r r r v : : T

Cap silicon wafer

+ PDMS blocks W NS T ———
Si
¢ Raof Common 4
> PEM H— g PDMS film transmission
/A Anmode// PDM é s . Aquivion PEM range
Si E = Silicon wafer
Patterned @
) PDMS film 8 20 |

Anode:  H,0 5 2H* +%O: +2e

h Cathode: 2H'+2e —H, 0 ]
/ N\
( o, \ Base silicon wafer Overall:  H,0 — H, +;—o,

X + Pt electrodes 0 " ) . L L L .
e 80 85 90 95 100 105 110 115 120
Wavelength (um)

Figure 3.10: Microfluidic electrolyzers fabrication and properties. (a) Geometry.
(b) Schematic of a slice. (c) Transmittance of the different layers.

The experimental setup built at the synchrtron far IR beamline is schemed in
Figure 3.10(a). An IR beam from the synchrotron crossed the operating electrolyzer
and the transmitted spectrum is obtained. The knowledge accumulated at 12M
concerning the FTIR spectroscopy was of prime usefulness here to realise this
experiment in a short period of time (144 h of beam time). A 2D view and a zoom
on the beam location through the electrolyzer is proposed in Figure 3.10(b) and
(c), respectively. In this case, only a local information in the middle of the PEM
was probed.

The most interesting thing is this study is the change of IR beam signal in
the 10-11 pm range induced by the membrane hydration. in Figure 3.10(d), one
can observed that the increase of membrane water content results in a decrease
of IR beam transmittance as liquid water absorbs more. Such signal is used in
Beer-Lambert law to estimated the membrane water saturation as a function of
different operating conditions: liquid water flow rates, temperature and current
density (hydrogen production rate).

The main outcome of this study was to propose for the first time a direct
probing of the membrane water content during the electrolyzer operation. From the
first results obtained during the synchrotron campaign, it seems that the operating
temperature has one of the greatest effect on the membrane water content. The
water content increased with temperature from 20° C to 40° C, and then plateaued.
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From the membrane hydration prospectives, it seems not necessary to increase the
operating temperature above 50° C (see Figure 3.12(a) and(b). The impact of
operating flow rate was also visible in our measurement, but it was a bit less clear
to establish general trend. More investigations need to be done to brought clearer
conclusions.
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Figure 3.11: Synchrotron probing of the membrane hydration. (a) Experimental
setup. (b) Top view of the electrolyzer. (c¢) Zoom in the area probed by the IR beam.
(d) Typical signal recorded using FTIR synchrotron light through the membrane.

Despite the success of the electrolyzers fabrication and synchrotron campaign
(done in December 2022), two downsides need to be mentioned as they will help to
build the perspectives of this work. First, the particular cell geometry used imply a
thick proton pathway from anode to cathode. It results that the electrolyzer ohmic
resistance (measured by EIS) is ten times larger than the state of the art. Second, it
appears that probing only one local information in the middle of the membrane hide
the heterogeneities in the mass and charge transfer observed during the electrolyzer
operation. In particular at low flow rate, where oxygen and hydrogen bubbles pro-
duced by the reaction get stuck in the channel, blocking locally the proton transport.
Studying such heterogeneities would be of prime interest to be studied and to evalu-
ate their impact on the local membrane water content. Therefore, the continuation
of the synchrotron experiment using our IR imaging platform is the next goal.
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Figure 3.12: Results of the membrane water content measured in term of saturation.
(a) For 3 operating temperatures. (b) For two liquid water flow rates.

3.3 Conclusions

In this chapter, the recent advances in imaging and modelling the mass transfer
in fuel cell and MFCs were presented. From these last ten years of research on
this topic, great achievements in term of imaging techniques and cell designs
were achieved. In particular, it was demonstrated that it is possible to use IR
imaging method to probe the mass transfer in PEM or visible light to image the
concentration fields in MFCs. But at the cost important compromises on the cell
design and choice of the reactants. From X-rays to IRs, microfluidic cells were
always design to mimic the real technology but with the constrains to ensure good
imaging of the heat and mass transfer fields. Such comprises are even stronger to
find using IR light since it is much weaker compared to X-ray.

Once the engineering aspects in the cell design were solved, it was possible to
obtain very promising results that would help to deepen our knowledge of the mass
transfer in operando electrochemical systems. One can remember the liquid water
probing in PEM and the concentration fields measurements in MFC. These works
were quite original in the TIFC team, bringing a lot of new applications motivating
fundamental research development in our IR imaging setups.

The two projects which have fund these research and K. Krause and M. Garcia
PhD thesis end in early 2024, but many short term perspectives has already
emerged. Concerning the molar concentration field imaging in MFC, the combina-
tion of EIS and visible spectroscopy is undergoing to perform lock-in spectroscopy.
It is very similar to the method developed in C. Bourges PhD thesis where a
current density modulation makes a concentration modulation which significantly
increase the SNR. Concentration amplitude in the order of few pM were detected
which opens a lot of perspectives to analyse the local current density distributions
at the interface electrode/electrolyte. This aspect is detailed in the research project.
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Another direct perspective concerning the electrolyzers work is, as mentioned,
to make local measurement by using IR imaging spectroscopy. The tunable filter
band setup described in chapter 2 will be used to investigate the membrane water
content. The major change compared to the synchrotron campaign is that the
electrolyzer transmittance is reduced in the 2 - 5 pm range of our setup. An
important image treatment based on a lot of image averaging will have to be done
to achieve a good SNR in the measurement. The first results obtained have shown
that it will be possible to make it. The transient regime of the water diffusion
through the PEM will also be investigated. Still using the inverse method inherited
from the heat transfer, the mass diffusivity of liquid water through the PEM will be
investigated for the first time for a large range of operating conditions (temperature
and flow rate).

Finally, on the funding side, these two projects will be continued by hiring one
post-doctoral candidate and one PhD candidate in the group. A Carnot ARTS
funding from Arts et Métiers group fund a 18-month post-doctoral candidate to
perform a PEM ageing study using our setup. Ageing model of the PEM needs
to be integrated in a numerical twin to predict the fuel cell and electrolyzer rest
of life. A second French-Japanese project will fund a PhD candidate to pursue
the development of MFC using other organic reactants and a larger diversity of
catalyst compounds. Here again, both IR and visible spectroscopic platforms will
be used to quantitatively assess the performance of these new system. The starting
collaboration with Minami’s group in Tokyo will be of great help to improve the
microfabrication of the cells.
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As it was summarized in the previous chapters, important milestones were
reached with successful mass transport measurements in microfluidic electrolyser
PEM using IR spectroscopy or bulk temperature measurements in dielectric ma-
terials at the microscale using thermotransmittance. The first proofs of concept
toward 3D imaging were achieved yet any quantitative data were measured or re-
constructed. However, my past research have reached now the needed maturity to
move toward IR-based tomography at the microscale. This strong need is motivated
by the latest developments of microfluidic electrochemical energy conversion devices
started more than 20 years ago [Ibrahim et al. 2022] which need to be accompanied
by more sensitive measurement techniques in 3D and at the microscale or beyond.
The following research project aims at answering these goals.

In this frameworks, my future research will be focused on the following aspects :

1. how to measure 3D thermal fields at the microscale in heterogeneous semi-
transparent media? A fundamental understanding on how the transmitted
light is impacted by thermal and concentration gradients will be investigated
at first, and inverse methods based on diffusion decovolution and image pro-
cessing will be developed.
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2. how to image beyond the diffraction limit? The fundamental limitation of
IR spatial resolution (i.e. 1 to 10 pm/px) will be overcome using a combina-
tion laser-based imaging methods associated to inverse methods to reconstruct
super resolution images.

3. how to apply the microscale thermal tomography to microfluidic electrochem-
ical energy devices? A combination of specific microfluidic chip design en-
gineering and analytical modelling will be derived to make heat and mass
transport characterization in these devices.

A roadmap to answer these questions is proposed in this chapter with a main
focus on two fundamental aspects: the development of thermal tomography, and
image super resolution for IR imaging setups. Two applications of these fundamen-
tals works for microscale energy conversion devices will be presented in the third
section. Finally, a timeline is proposed in the last section.

4.1 Thermal tomography in solid heterogeneous media

Temperature measurements in semi-transparent media are still a hot topic. Many
applications like flames, crystals, microfluidic, semi-conductors... require a deeper
knowledge of their inner temperature to improve their operating conditions and/or
design. Following this path, this part of my research project is a direct continuation
of the works initiated in A. Aouali [Aouali 2022] and C. Bourges [Bourges 2023]
PhD thesis. The idea here is to develop a methodology to reconstruct a 3D thermal
fields at the microscale in a heterogeneous solid medium. Several funding sources,
PhD thesis and post-doctoral candidates have been already secured to pursue in
this direction at the short term (3/4 years).

4.1.1 Optothermal models in multilayer materials

The key to access temperature fields in semi-transparent media is the knowledge
of the thermotransmittance coefficient k. At first order, it links the light intensity
variation AT to the average temperature of the medium as:

Al _ AT (4.1)
Iy

However, as it was demonstrated in [Bourges 2023|, this simple approach needs
to be completed in the case of thick material with non uniform temperature
distributions. In this case, it depends on both the light absorption and reflection
as schemed on Figure 4.1.

Taken into account these phenomena have led to a first opto-thermal model
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(|Bourges 2023]) developed as

AT(T R L=
( ) ~ — OfR [ATl + ATQ] — QpKkq AT(Z)dZ, (4.2)
Ty 1—- Ry 0
reflectance absorbance

where the absorption and reflection contributions of the light can be derived. This
opto-thermal model brought the following key insights to develop a thermal tomog-
raphy:

e the absorbance contribution depends on the temperature average along the
beam path in the semitransparent media. This properties is the key for 3D
measurements as changing the beam path in the sample will change the ab-
sorbance measured and then inform on the 3D temperature fields.

e the reflection contribution at the interfaces must be taken into account in order
to eliminate the bias in reflective materials.

e 3 coupling between interface temperature and average temperature over ma-
terial thickness exists, enabling to extract an information on buried interface
temperature (if this latter is reflective, see Figure 4.1) in multilayer materials.
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Figure 4.1: Beam path in a semi-transparent medium. (a) for a one reflection. (b)
in the case of multiple reflections.

In our past works, samples were carefully chosen to neglect the contribution of
reflection on the transmitted light [Bourges et al. 2023], but moving forward, new
measurements are undergoing to discriminate the contribution of absorption and
reflection in the transmitted light. This question needs to be answered to address
the thermal tomography of thick of bilayer materials, comprising for example two
semi-conductors.
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4.1.2 Improved SNR by using laser sources

The second challenge to develop this technique is the improvement of the SNR
during thermotransmittance measurements. The signal obtained is, as mentioned
earlier, very low, i.e. K~ 1073 —107%* K~!, , and may be even decreased by adding
a new layer of thick material. The weakness of the signal comes from the sample
absorption, the localisation of the thermal sources and low optical power of the
sources currently used in all our imaging setup: a heated globar (like silicon sitride
globar) has monochromatic optical power ranging from 20 - 200 W/m2. In our
past works, see chapter 2, the weakness of the transmitted signal measured by IR
cameras was compensated by using advanced signal processing techniques, such as
in the case of lock-in thermotransmittance, but it is also possible to play with the
heating or IR sources to improve the SNR.

Recent IR lasers and black body sources may help to gain one order of magni-
tude in terms of SNR. New laser sources |[Rosas et al. 2023|, enable to reach optical
power around 10 kW/m?. In addition, by selecting the appropriate wavelengths,
such lasers can be used as buried thermal sources enabling a better heating of
the materials and therefore increasing the light intensity variation. In the case of
multiples substrate layers, which generally cover the sample like in microfluidic
chips, selecting the laser wavelength can enable to heat specific area of the sample.
On the side of the black body sources, new high-power IR emitters have proved a
significant increase in multispectral IR sources (see Throlabs HPIR102). Thus, a
close work with J. Maire (CNRS researcher) in our research team is undergoing to
develop improve the capability of our experimental setup with the goal of improving
by a factor of 10 the SNR.

Lasers and high-power IR emitters would also let more flexible source modula-
tion, fast impulse excitation (down to the ns), and used more localised IR sources
for the development of super resolution imaging (as developed in biological imag-
ing by the group of [Betzig et al. 2006]). In particular, signal processing based on
the double laser and black sources modulation is expected to facilitate and acceler-
ate the measurements by making the mechanical chopper obsolete (see Figure 2.3).
Such improvements in our setup would be one of the key to develop super resolution
imaging, as it will be discussed in section 4.2.

4.1.3 3D temperature measurements in heterogeneous media

As seen in equation 4.2, the temperature average along the beam path in semitrans-
parent media is the key for 3D measurements as changing the beam path in the
sample will inform on the 3D temperature fields. Although, the physical principles
to answer this goal have already been described by an optothermal model, several
development in signal processing, inverse methods and modelling are still needed
before reaching such 3D imaging.
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In chapter 2, the proof of concept of thermal laminography obtained at the end
C. Bourges PhD thesis [Bourges 2023] was established. 3D imaging measurements
were obtained in terms of qualitative (or normalised) thermal fields. Similarly,
the inverse methods used in my past works, such as inverse Radon transforms
(in [Aouali 2022|) or retro projection methods in laminography, have lost the
quantitative nature of the 2D fields. Usually, such tomographic techniques are used
to create binary images, i.e. solid or void, and the signal processing community is
more focused on the artefact elimination rather than the quantitative reconstruction
of the fields.

Therefore, the next step is to move forward from qualitative topological
reconstruction to quantitative fields reconstruction (temperature at first and
concentration in the case of microfluidic applications). An important mathematical
work concerning the definition of integral transforms (Fourier, Radon...) applied
to images need to be done to achieve such goals. In the same way, quantitative
data will require an accurate calibration the multispectral thermotransmittance
coefficients and all the laser sources (both in term of spatial distribution and
intentisity). Several solutions already exist in literature [Ozenne et al. 2023b], but
they were never applied to IR spectroscopy for measuring 3D temperature fields.
Far from the idea of reinventing the wheel on this topic, current reconstruction
algorithms existing in the literature or public repository such as Git-hub will be
used to target this goal.

Several routes are considered to be used in our case. Among them, stochastic
algorithms based on Bayesian inferences will be proposed to reconstruct the most
likely temperature fields from the projection [Venkatakrishnan et al. 2017], since
the shape of the thermal fields is usually well-known based on modelling approaches
(see the opto-thermal model developed in [Bourges et al. 2023]). Such technique
has already been used successfully to improve noisy time-resolved tomography
[Myers et al. 2015]. Complementary, deterministic algorithms based on Fourier
transforms are also under studies to keep the quantitative information of the
2D projections [Voropaev et al. 2016]. Such algorithms will be implemented in
strong collaboration with CNRS researchers from the group, J. Maire and M.-M.
Groz who have a greatest expertise in inverse problem and Bayesian inference
|Groz et al. 2021]. A postdoctoral candidate co-supervised by this team is being
hired.

Last but not least, to accompany the fundamental methodological works,
technological developments regarding the rotation stage need to be done to have
somewhat reliable stage for 2D and 3D measurements. This work is already
undergoing and a new rotation stage is being fabricated within the next 6 months.
A prototype was already designed as depicted in Figure 4.2. The budget for this
rotation platform has already been secured.
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Figure 4.2: Design of the new rotating stage under fabrication for thermal laminog-
raphy.

4.2 Thermal super-resolution imaging

Currently, the imaging setups used to characterize heat and mass transfers rely
on IR cameras and sources using wavelengths from 2 to 10 pm. Such specification
introduces an optical limit which is roughly A/2 ~ 1 — 5 pm/px when an objective
with a large magnification is used. This means that even with the best optical setup,
a pixel resolution lower than 1 pm would unlikely be reached without any specific
signal processing. This physical limit of IR imaging hinders the use of our current
imaging technique for biological tissues, thin membranes, or catalyst materials
containing usually sub micrometer elements (cells, micro-pores, particles...).

The subject of thermal super-resolution has become a central topic in the
research team (TIFC). Recent publications of the group have shown that at
the microscale, nanoscale features in solid materials cannot be resolved (see
[Mateos-Canseco et al. 2023]), or the thermal resolution in 3D medical imag-
ing methods is still currently insufficient to well-resolved some human tissues
[Ozenne et al. 2023a]. Another work in the group, [Groz et al. 2024], have shown
that at the macroscale, small defects in large sample are usually not detected during
NDT experiments. For all these reasons, the entire research group have started to
collaborate to seek for new solutions to break down our instrumental spatial reso-
lution limited either by optical systems or diffraction limit. A collaboration with
other groups at I2M such as in acoustic department will also be done since they
have similar issues using ultrasounds imaging [Burgholzer et al. 2017b].
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4.2.1 Temporal approach

The first published work from our research group relies on the temporal resolution
of the camera to improve the spatial resolution of the images. To enhance the
resolution, a laser spot with a diameter smaller than a camera pixel was used and
displaced on the sample surface |Groz et al. 2024, Batsale et al. 2023|. The key of
the method stems from the algorithm used to process the sample thermal response.
By analysing it with wavelet transform along with the laser position within the
camera pixels, this method achieving thermal super-resolution. It was possible to
detect defect twice smaller than the pixel size.

Such approach has the great advantage to use our classical thermographic setup
on opaque materials. However, switching to semi-transparent material would neces-
sitate to perform temperature measurements using thermotransmittance. Therefore,
it makes the super resolution approach much closer to classical imaging methods
using transmitted visible light. This aspect of the problem may be viewed as an
advantage as most of the techniques already developed in optical imaging using vis-
ible light may be applied to thermal measurements using IR ligth. This aspect of
the measurements was never treated in the literature and will be proposed in my
research project.

4.2.2 Spatial approach

Going beyond the diffraction limits (or Abbe diffraction limits) in microscopy is an
old trick. Plethora of papers describing hardware and data processing methods can
be found in visible, electronic, or X-ray domain, mainly driven by the biomedical
applications with important breakthroughs obtained in term of spatial resolution
(see for example one of the last Nobel prize awarding this topic [Betzig et al. 2006]).
Applied to IR domain, these methods were less developed, but recent publications
on super resolution for chemical microscopy [Yeh et al. 2023, Tang et al. 2023] have
shown the increase interest for such wavelengths. In particular, the development of
IR lasers for thermal measurements |Lee et al. 2019, Gaverina et al. 2017], enable
to produce very local heat source which are at the heart for super-resolution
microscopy |Betzig et al. 2006].

A super-resolution problem can be written in general form as:
Impy = (Imp-p) @ PSF +¢ (4.3)

where Imj; is the low resolution image obtained by our camera, Impg is the super
resolution image, p the illumination function, PSF is the image impulse response
function (also called point spread function) and ¢ is the noise. Thus to reconstruct
Imp from I'mps imply to know or to identify p and PSF.

To achieve super-resolution imaging, the fundamental idea is to have ob-
jects (heat sources, light sources, chemical sources, structures) in the material
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smaller that the pixel resolution, typically < 1 pm. Then multiple images are
recorded where theses sources are moved. The key idea behind this methods
is somehow to reconstruct the PSF by introducing high spatial frequencies
(unit m~1) in the signal. Such methods are based on localized heat source
reconstruction using thermal impulse response or random illumination sources
[Chen et al. 2023, Mudry et al. 2012, a topic well mastered in the team, such
as in the last work of A. Aouali’s PhD [Aouali ef al. 2021]. Such impulse re-
sponse can be either analytically computed or estimated from measurements
[Battaglia et al. 2000]. Therefore, tackling this problem can be seen as an extension
of the well know-how of the group in inverse methods and IR image processing.
This work will be accompany by all the task force from the TIFC team since it can
be applied to all our applications.
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Figure 4.3: Super-resolution images based on speckles effect using IR lasers, from
[Murray et al. 2017]. Top left: ideal image. Top Right: random illumination. Bot-
tom left: super-resolution images. Bottom right: image obtained using no processing
and uniform illumination.

In practice, a PhD student co-supervised by J. Maire and J.-L. Battaglia has
started to implement a method using localized laser heat sources in a medium (gen-
erated by laser speckles or diffracting slits, [Burgholzer et al. 2017a]), and to record
the images using our IR camera (spatial resolution of 15 pm/px). A methodology
similar to the one schemed in Figure 4.3 will be followed at first with an expected
gain between 2 and 5 in spatial resolution. At the end, we hope to implement
this technique with thermotransmittance in semi-transparent objects at the mi-
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croscale (such as in small supercacitors or microelectronic devices studied by J.
Maire [Sandell et al. 2020]). In the end, the combination of 3D quantitative re-
construction algorithms, super resolution processing will lead to a new microscopic
tomography for temperature fields in semi-transparent media. Such new tool will
find a direct application in microfluidic devices as described in the next sections.

4.3 Applications

4.3.1 OptUseH2 project: PEM degradation assessment in mi-
crofluidic electrolyzers

This long term project (5 years) is directly an application of the results obtained in
K. Krause PhD with the development of microfluidic electrolyzers. They have been
used as a seed to apply for funding at Carnot ARTS agency to build an ageing
platform for hydrogen systems. In collaboration with five partners and laboratories
from the Arts et Métiers group, the idea is to predict the ageing behaviour,
degradation rate, and durability of several components of the hydrogen chain. The
advantage of microfluidic is clearly visible in such long term operating studies. For
instance, a classical fuel cell system of 1 kW operating over 1,000 h will consume
around 60 kg of hydrogen'. A single pressurised bottle contains 1 kg of hydrogen
at a cost ranging from 30 to 50 € /bottle regarding the purity 2. Therefore, ageing
a 1 kW PEMFC stack over 1,000 h will cost 60 bottles of hydrogen and between
1,500 and 2,500€. In contrast, by consuming only few mg of hydrogen, microfluidic
technologies will significantly decrease these costs and makes the safety standard
around the experimental benches easier to apply compared to the classical large
scale fuel cell and electrolyzer systems.

An 18 months post-doctoral candidate will start in 2024/2025 to operate the
microfluidic electrolyzers already built (see section 3.2.3) and study the perfor-
mance degradations over time under several loading and thermal stresses (basically
continuing K. Krause’s work for long term monitoring). It is expected to focus
on the study on the PEM degradation using our IR spectroscopic setup. Used in
combination with the electrochemical characterisation based on EIS, changes in
PEM chemistry, i.e. sulfonic group density, and water content will be followed over
time and if possible quantified. Such results will follow current research on this topic
from [Bohm et al. 2019], and crack apparition in PEM, see [Wei et al. 2023]. The
degradation mechanisms will then be modelled using empirical law and integrated
through a prognostic tool developed by our partners in Paris (the Procédés et
Ingénierie en Mécanique et Matériaux (PIMM) and Laboratoire d’Ingéniérie des
Fluides Systéme Energétique (LIFSE) laboratories).

1qH2 = PMu,/(EceuneF) x t where Ecenp =~ 0.6 — 0.7 corresponding to an electrochemical yield
of around 50%

*based on the cost of compressed hydrogen in B50 bottle at 200 bar from Messer, given in
December 2023.
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At the end of it, it is expected to report the first ageing studies of PEM
electrolyzers. During the two years of the project, the current IR spectroscopic
setup will be used without any post-processing for super resolution, tomographic
aspects nor thermal measurements based on thermotransmittance. Thus, the
second step after would be to implement these new possibilities to measure and
quantify the degradation mechanisms at the sub-micrometer scale. In particular,
it would enable to study the degradations in catalyst layer. However, to reach
this target, new PEM microfluidic fuel cell would have to be microfabricated
which implies to solve numerous challenges in term of fabrication, like ensuring
an hydrogen proof chip including carbon based catalyst layers. Therefore, both
the effort in term of chip fabrication will have to be pursued, through tightened
collaborative projects with physico-chemistry labs (Laboratoire du Futur (LOF),
Institut de Chimie de la Matiére Condensée de Bordeaux (ICMCB),Laboratory
for Integrated Micro-Mechatronic Systems (LIMMS),...), and the development
fundamental research for IR based imaging methods.

A last side effect in the development of such microfluidic platform is the link
with my teaching activities. Arts et Métiers asked for more transverse projects
between research and student training. Then, the proposed platform can be seen as
one appropriate answer. It will be a unique tool for engineering student to practice
basic electrochemical tests, energy assessments on small systems, and energy transfer
imaging using state-of-art measurement methods. Such microfluidic and energy
conversion lab class is particularly well suited since these experimental platforms
are easy to maintain at relatively low cost. It is also in line with the "Hydrogen
Program" supported by Arts et Métiers in which T am involved (I am in charge of
the fuel cell course given to the fifth year Arts et Métiers students). Thus, this
research activity will keep feeding my lectures through practical activities to train
new generation of student on electrochemical energy conversion systems.

4.3.2 SMARTBAT project: heat and mass transfer characteriza-
tion in microfluidic redox flow batteries

The SMARTBAT project is a direct continuation of M. Garcia PhD work. It is a
collaborative work project funding by CNRS and Tokyo University in the frame-
work of a joint PhD program. It consists in developing new redox flow batteries in
which the concentration at small scale will be measured based on IR transmission
spectroscopy and compared to the measurement carried out by extended-gate type
organic transistors developed by Tokyo University. This collaboration, with two
PhD students starting in early 2024, will establish lock-in IR spectroscopy as a new
methods for microscale concentration measurements. It is also an opportunity to
extend the thermal measurements based on thermotransmittance to microfluidic to
measure the heat sources produce by the electrochemical reaction. These work and
this project in particular will be followed by a research sabbatical year (2024/2025)
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at LIMMS laboratory in Tokyo (research project submitted and under review when
these lines have been written).

4.3.2.1 Lock-in concentration measurements

As mentioned in my past works in the last chapters, contactless methods to mea-
sure temperature and concentration fields in such applications require still more
developmentq. In particular, state-of-art methods using IR transmission to measure
concentration fields are limited to concentration variations of few millimoles. There-
fore, with the need for microsystems, heat and mass transfers at microscale require
the development of methods measuring low concentration level (nmol) under ther-
mally controlled environment using IR camera or FPA. Such work is completely
similar to the thermotransmittance where it uses source modulation to be detect
very small change in the signal.
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Figure 4.4: Proof of concept of the lock-in spectroscopy for micromolar concen-
tration measurements. (a) modulated current and electrode voltage. (b) Resulting
concentration variations through the microfluidic chip (signal averaged from 9 pixels
of the camera) and the associated Fourier transform converted in the insert. (c) and
(d) Modulus and phase, respectively, of the microscale concentration field around
the electrode.
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M. Garcia PhD works ended with the development of a new proof of concept
to measure pmol variation of concentration in microfluidic chips. In her MFCs
described in [Garcia et al. 2023b], it was shown that the molar flux at the electrodes
surface is directly proportional to the electrochemical current drained, i.e. it is the
well-known Faraday law. In lock-in concentration measurements, the concept is to
impose a modulated current, i.e. j(t) = jo + dj cos(wt) to make the concentration
field oscillating, i.e. ¢(x,t) = co(z) + dc(z) cos(wt + ®(x)). By demodulating the
concentration fields at the frequency w/(27), amplitude dc(x) and phase lag ®(z)
in the concentration fields can be measured. As said, it is an exact measurement
twin of lock-in thermography [Bourges et al. 2023] applied for mass transfers. It
shows how our fundamental methods can be applied to a wide range of application
in heat and mass transfers.

The first numerical and experimental results obtained have shown our abilities
to detect molar concentration variation in the order of tens pmol (see Figures
4.4), which is two order of magnitude lower than the classical measurements using
spectroscopy. It is almost as sensitive as extended-gate type organic transistor
[Didier et al. 2020] classically used for microsensing in biologogy and medical
applications, but with the advantage to get a complete 2D fields. This methods will
be extended to the new microfluidic redox flow batteries developed in collaboration
with the Japanese team. Once well mastered in 2D, the super resolution processing
and potentially the tomographic processing will be applied to extend the possibility
of the methods to microscale systems.

4.3.2.2 Thermotransmittance measurements in fluids

Last but not least, thermotransmittance in fluids is the next step once the tempera-
ture fields measurement in heterogeneous solid will be mastered. Proof of concepts
of fluid temperature measurement based on thermotransmittance have already been
published in literature [Nguyen & Kakuta 2023], see Figure 4.5. Such method is very
well suited in microfluidic technologies where contactless temperature measurements
remain challenging. It depends on the same principles as explained before where
the change of the medium optical indices with temperature is detected. However,
transferring this technique from solid to fluid open new challenges. On the funda-
mental side, it has to be noticed that the change of transmitted signal varies with
both temperature and concentration, as it can be seen from the definition of the
absorption coefficient, u, given by [Kakuta et al. 2016]:

A ou
dp = <8T>CdT+ (80>Tdc. (4.4)

In the case of multiple compounds in solution, a clear discrimination of the
contribution of temperature and concentration on the transmitted signal has to
be carried out. Analytical modelling of the heat and mass transfer in microfluidic
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chip will help to solve this problem, as already developed through my ANR
JCJC project: I2MPAC [Chevalier 2021]. In addition, careful thoughts need to
be conducted to understand the how IR transmittance is affected by a heat field
through multi-layered materials composed of solid and fluid. Thus, this implies to
continue the development of opto-chemico-thermal model initiated previously to
predict the signal response of light passing through the sample. Finally, the choice
of heating sources will also be critical as it determines the measurement time and
signal sensitivity.

All these fundamental questions will be tackled after the development of mul-
tilayered solid thermotransmittance (see section 4.1.1), with the microfabrication
of dedicated chips embedded heating elements and simple liquid water flow. It
will serve as the first proof-of-concept in thermotransmittance measurements in
microfluidic chip in our group. A tightened collaboration with the LOF laboratory
is also considered to move forward on this topic, in particular with physico-chemist
CNRS researchers with whom we have been collaborating on microscale mass
transport [Lehtihet et al. 2021]. In the end, merging these skills with the super
resolution tomographic measurement it will leverage the TIFC team to one of the
most well known group for 3D small-scale heat and mass transfer measurements in
microfluidic energy conversion devices.
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Figure 4.5: Proof of concept of the termotransmittance in water using IR imaging,
from [Nguyen & Kakuta 2023]. The heat from the plate diffuses in liquid water.

4.4 Timeline

Answering these questions rely on experimental development at the microscale,
data processing, and challenging energy transfers modelling at the confluence of
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thermal, chemical, optical and signal processing sciences, applied to microfluidic
technologies. The research project written for the next years was summarised
through the timeline presented in Figure 4.6. It is mainly divided into 3 milestones
at short (2/3 years), mid (5/6 years) and long term (7/8 years) where several tasks
will have to be achieved.

Super Resolution
3D reconstruction of heat and mass transfer fields
pmol concentration measurements
Thermal measurement in fluid by thermotransmittance

PEM ageing in electrolyzers

3D Thermal field Heat and Mass
in Solid charac. in chips

CNRS Joint PhD: SmartBat
IC ARTS: OptUseH2

Ageing Plateform

PROJECTS MILESTONES TASKS

CNRS "Délégation" in Japan

Figure 4.6: Summary of the research project with the different milestones, tasks
and funding projects secured.

The work on super-resolution and imaging processing on for 3D reconstruction of
thermal fields will start at first. Several actions have already begun on these topics.
The 3D reconstruction of heat transfers should be achieved at short term in solid
media, but more time will be required to extend this method to 3D concentration
measurements in fluids based on FTIR spectroscopy with first results expected at
minimum in mid-term. In parallel to these fundamental tasks, heat and mass trans-
fer characterizations in microfluidic chips are expected to be conducted starting in
2 or 3 years, once the micromolar concentration and thermal measurements based
on thermotransmittance will have started to be well mastered. Last but not least,
the TIFC group should access to an ageing platform for hydrogen systems at the
end of the OptUseH2 project including most of the new characterization techniques
previously developed.
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General conclusion & perspectives

The present manuscript is a tentative to summarize the last ten years of research
I carried out in heat and mass transfers and their associate inverse methods and
experimental developments. It proposes an original project for the next decade in
the TIFC group and at Arts et Métiers.

First, important experimental developments were carried out based on spectro-
scopic imaging (from X-rays, visible to IR wavelength) dedicated to heat and mass
transfers measurements in porous media, microfluidic chips and semi-transparent
materials. The associated methods to convert the absorbance and thermotransmit-
tance fields to concentration and thermal fields, respectively, were also developed.
My main contributions can be seen through the improvement of imaging techniques
to make them more sensitive and versatile. Such accomplishments were done
through several research projects obtained since my appointment (ANR JCJC,
CNRS, Nouvelle Aquitaine region’s funding) for which I was principal investigators.
During this time period (2018-2023), more than 30 papers were published, 7 master
research students trained and 4 PhD student graduated. 1 was also able to establish
or keep international collaborations: in Canada where I am still collaborating with
my previous colleague A. Bazylak through K. Krause PhD, and new collaborations
in Japan with Prof. Minami and Kakuta. Such accomplishments can also be
credited to an increase of my international acknowledgement and my capacity to
develop international relationships.

Second, an important part of my work have been focused on the development of
energy characterisation methods for fuel cell systems and microfluidic applications.
The development of original setups for fuel cell X-ray imaging, microfluidic fuel
cells and PEM electrolyzers enabled to elucidate the heat and mass transfers
in these technologies. A link between these fundamental processes and their
electrochemical performances (power density, electrochemical impedances...) has
always been established in order to propose guidelines for optimized design and
operating conditions. These works are the continuation of more than 20 years of
instrumental developments dedicated to microfluidic technologies in TIFC team.
They correspond also to the expectations from the Arts et Métiers Hydrogen pro-
gram to build experimental platform for these new technologies. Industrial partners
from the electrochemical industry (Solvay or Automotive Cells Company (ACC))
were also involved in these works highlighting their interest in these research to
serve industrial issues.
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The research project proposed is in direct continuity with my past works. From
the first proof of concept concerning the thermal tomography obtained during A.
Aouali and C. Bourges PhD works, the idea is now to move toward a quantitative
thermal tomography at the microscale. An important experimental works involving
new IR laser sources and signal processing will be conducted to obtain the first
thermotransmittance based laminography. A central topic for the TIFC group on
super resolution imaging will also be tackled in this project to push IR imaging
toward the microscale. These two objectives will largely rely on inverse methods
and direct analytical modelling involving integral transforms to reconstruct heat
and mass fields.

These fundamental developments belong to an ambitious but original project
which is unique at international level. It is perfectly integrated to the TIFC
group through multiple collaborations between researchers, in 12M with possible
collaborations with other research teams (SIMFY) and department (APy). A lot
of collaborations on Bordeaux Campus will keep going for the development on
advanced microfluidic technologies and microsystems (ICMCB, LOF, Laboratoire
Onde Matiére d’Aquitaine (LOMA)), and the possibility for them to use our
platform for advanced imaging characterization. Arts et Métiers call for advanced
evolutive platforms to transform cutting edge research to teaching activities will
also be answered in this project. My teaching activities on fuel cell systems and
microtechnology for energy conversion course in third year will be fed from these
new research developments.

Perspectives to this project concerns mainly new domains of application which
can be reached by our thermal tomography. By developing more sensitive tools,
it is possible to probe even smaller temperature variations (less than 100 mK) or
concentration variations (less than 1 pmol/l). Such sensitivity improvements are the
mandatory path toward biology applications (like in the case of neuronal activities
sensing, see the NeuroTherm project in part IT), and micro-sensing for medical
application (see the work from Prof. Minami [Didier ef al. 2020]). Improving
the capability of our measurement techniques will accompany the miniaturisation
of most technologies will be a great opportunity to develop new experimental
platforms for industrial partners.

For the TIFC group, as it was said, such tomographic microscope development is
one central subject (at least for the super resolution aspect) which can rally /federate
the group. Skills of all researchers from the team in inverse methods, experimen-
tal developments with lasers, data processing, micro and nano scale measurements
and fabrications will be involved. It is also a direct continuation of the microfluidic
works started by the TIFC team more than 20 years ago and for which the group
has gained a well-known acknowledgement locally (I2M is part of the Fédération de
Microfluidique en Aquitaine (FAM) workshop and is member of the local organizing
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committee of the 2025 microfludic summer school in Oléron). Finally, the interna-
tional relationship with partners in Japan and Canada will also be tightened with
increased student exchanges at graduate and under-graduate level. As an example,
Arts et Métiers Learning Abroad Program with University of Toronto was issues
from my collaboration with prof. A. Bazylak in Canada. This is another side effect
of all these collaboratives work in developing close relationship with international
organizations to strengthen the student mobility.
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6.2 Education and training

2010-2013 PhD Candidate in Mechanical Engineering, supervised by M.
Machmoum, D. Trichet & B. Auvity at Laboratoire de Ther-
mique et Energie de Nantes, Nantes Université, France. PhD
title : Multiphysics modelling of PEM fuel cell impedance ap-
plied to stack diagnosis by E.I.S.

2007-2010  Engineering degree in Thermal and Energy Sciences at Poly-
tech Nantes, Nantes Université, France

2005-2007 University Technology Diploma in Mesures Physiques at
Poitiers University.

6.3 Pedagogic and administrative charges

2022-Present Member of the imaging working group at I2M. Advice the
12M executive comity to establish a shared imaging platform,
open for all the I2M members and usable for the externals
research projects.

2019-2023 In charge of the scientific communication of the research
team TIFC at I2M (organization of internal seminars every
two weeks with the PhD students and the research fellows of
the group)

2018-Present Responsible for the Unités d’Enseignement (UE) Energé-
tique Avancé (ENGA) (teaching advanced energy transfer
in engines and power plant), 2A PGE

2016-2018 Elected member at the council of the Laboratoire de Ther-
mique et Energie de Nantes (LTEN)

2010-2013 Elected member of PhD students at the council of the grad-
uate school ED STIM

6.4 International & national reputation

6.4.1 Scientific and organizing committees membership of national
conferences

Conference organisation:

1. Member of the local organization committee of the summer school on Mi-
crofluidics in Oleron (France), 2025.

2. Member of organization committee of the second workshop Fédération
Aquitaine de Microfluidique. June 10th 2023 in Bordeaux (France).

3. Organization of one lab class during advanced Autumn school on Thermal
Measurement and Inverse Techniques. September 24-29th 2023 in Oleron
(France). More than 80 participants.
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4.

Organization of the workshop Fédération Aquitaine de Microfluidique. May
13th 2022 in Bordeaux (France). More than 80 participants. Grant from 12M
(800€) to help the organization

Conference Chairman:

. Fédération Aquitaine de Microfluidique (FAM 2022), Bordeaux (France) in

the second session.

. Fundamentals & Development of Fuel Cells (FDFC2019), Nantes (France) in

the Session 2b: PEM Fuel Cell : GDL I.

. Colloque Interdisciplinaire en Instrumentation (C2I 2019), Bordeaux (France)

in the session Instrumentation multi spectral, multi echelle.

6.4.2 Seminars at foreign Universities

1.

6.4.3

1.

2.

Multiscale Heat and Mass Transfer Characterization in Fluids and Solids, Vis-
iting scholar at Prof. Kakuta Lab, Tokyo Metropolitan University, Japan,
2022.

. Multiscale Energy Transport Characterization in Fluids and Solids, Biomeg

Symposium, University of Tokyo, Japan, 2022.

. Caractérisation et visualisation du transport massique dans les piles & com-

bustible hydrogéne-air, UPR Solvay/LOF, Bordeaux, France, 2019.

. Characterisation of the transport properties of gas diffusion layers in polymer

electrolyte membrane fuel cells, Zentrum fiir Sonnenenergie- und Wasserstoff-
Forschung, Ulm, Germany. 2015

. Modélisation du transfert de masse dans les milieux poreux par réseau de

pores, Laboratoire de Thermocinétique de Nantes, Nantes, France. 2014

. Modeling of polymer electrolyte membrane fuel cell impedances, ETRERA

seminar series, Messina, Italy. 2011

International mobility

November 2022 : visiting professor at the LIMMS laboratoty (IIS, Tokyo
University) for 2 weeks. Collaboration with Prof. Minami. Led to the funding
of 1 collaborative projet (2 PhD scholarships)

August 2015 : Invited researcher at Helmholtz Institute of Ulm, Germany to
work in collaboration with R. Zeis. Led to 1 common publication in 2017
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6.5 Scientific collaborations

I have numerous scientific collaborations and students exchanges with many
colleagues, especially in Europe, Canada and Japan. Here below, only the main
collaborations are recalled for the sake of brevity. Further relevant collaborations
are in progress in the framework of the activities related to the research projects
summarised in Chapter 7.

National collaborations :

1. LOMA (Bordeaux University) : Prof S. Dilhaire. Co-supervision of C. Bourges
PhD thesis.

2. LOF (Bordeaux University): Dr. J.-B Salmon & J. Leng. Collaborative re-
search on the mass diffusion in confined droplet.

3. ICMCB (Bordeaux University) : Dr. D. Michau. Collaboration on the micro-
fabrication of microfluidic fuel cells (thin film deposition) and post mortem
analysis.

4. LTEN (Nantes University) : Prof B. Auvity & C. Josset. Submission of a
collaborative project to be funded at the ANR.

5. IREENA (Nantes University) : Prof J.-C. Olivier & F. Auger. Monitoring the
PhD thesis of 1. Ayoub.

International collaborations :

1. University of Toronto (Canada): Prof A. Bazylak & B. Hatton. Collaborative
works to fabricate and image PEMFC material (few papers since 2018 act the
collaboration)

2. Tokyo University (Japan): Prof. Minami. Inviting scholar for two weeks in
2022, and laureate of a collaborative CNRS project.

3. Tokyo Metropolitan University (Japan) : Prof. N. Kakuta. Inviting professor
at I12M in 2020 and collaborative research in NIR spectroscopy.

4. Helmholtz Institute of Ulm (Germany) : Prof. R. Zeis. Inviting scholar in
2015 and submission of a collaborative research project to be funded at the
ANR.

5. Baden-Wiirttemberg Cooperative State University (Germany) : Prof. V.
Schulz. Submission of a collaborative research project to be funded at the
ANR.
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6.6 Ph.D. thesis committees

6.6.1 Ph.D. monitoring thesis committee membership
1. Tgourzal Ayoub: Optimisation de chaines énergétiques hybrides pour navires
(2021-2024)
6.6.2 Ph.D. thesis defence committee membership

1. Examinator of Marie Lamard PhD thesis, Approche multi-échelle de la marin-
isation des piles a combustible : effet du chlorure de sodium sur la dégradation
de mono-cellules et stacks PEMFC. On May 10th 2023 in Nantes.

2. Examinator of Mathieu Baudry PhD thesis, Etude d’une pile o combustible
a@ membrane échangeuse de protons haute température (HT-PEMFC) : carac-
térisation et modélisation. On June 8th 2022 in Toulouse.

6.7 Peer review activity

28 papers reviewed between 2013 and 2023. They are sorted by journals in the
table below :

International Journal of Hydrogen Energy
Electrochemistry communication

Journal of Applied Energy

Journal of Chemical Engineering Research and Design
Journal of Power Sources

Journal of Electrochemical Society
Electrochemica Acta

Experimental Thermal and Fluid Science
Chemical Engineering Journal

Review of Scientific Instrument

The Journal of Physical Chemistry

— = = = N R RO N R W

Energy Conversion and Management

I was also asked to review ANR PRC proposals : the project ENERGY for the
French National Research Agency (ANR), 2019.

6.8 Scientific production

I am author and co-author of 62 publications published in refereed journal and
conference proceedings. Co-supervised Trainees (Master and PhD students) under-
lined. 940 citations and h-index of 21 on Scopus, data extracted on 03/05/2023.
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In the Table 6.8, I summarised all the communication published as author or
co-author.

Type Quantity
Paper published in international peer reviewed journal 49

Paper submitted to international peer reviewed journal 3
Plenary Lecture (as invited speaker) 6
International referenced conference proceedings 15
National referenced conference proceedings 5

National and international conference without proceedings 19
Total 98

Table 6.1: Summary of the all the communications as author and co-author.

The complete list of my communication, sorted by categories, is available in the
appendix 9.
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Within the last year I supervised 15 students in the framework of research project
in the lab. They range from under graduate studies to PhD studies.
Funding collected to support my research and the formation of the students is also
detailed in this chapter.

7.1 Undergraduated students

Undergraduate students from two mains program were hired in the lab to conduct
small research project.

The first program is the Learning Abroad Agreement between Arts et Métiers
and the University of Toronto I am responsible of. The following students were
hosted :

2. Adeéle Créte Laurence (summer 2023): Developing a Distribution of Relaxing
Times (DRT) tool for the characterization of microfluidic fuel cells

1. Steven Li (Summer 2023): Design and Fabrication of a rotating platform for
infrared laminagraphy

The second program is the Mechanical Engineering Bachelor for Bordeaux Uni-
versity. In their second year, the students are invited to discover the lab activities
through a small research project. Two students were hosted in the lab:
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. Victor Bugada-Jean (2023-2024): integrating under graduate program for re-

search (development of a opto-thermal model for semi-transparent medium)

. Victor Bugada-Jean (2022-2023): literature review on the DRT tool and de-

velopment of a DRT algorithm under Python

. Nino Chesne (2022-2023): literature review on the DRT tool and development

of a DRT algorithm under Python

7.2 Master Students

In total I supervised 7 master 2 students for 6 months internship. Two of them were
funded by an industrial (Solvay) to work in our lab. Half of them have pursued as
PhD students.

6.

Abel Netter (2024), Développement d’un banc d’imagerie thermique 3D pour
les micro-batteries, student from Arts et Métiers Research Master, funded by
BEST 4.0 program

. 1llian Bensana Tournier (2023), Development of a 3D thermal imaging bench

for micro batteries, student from ENS Cachan

. Cedric Palka (2022), Etude numérique du transport de charges dans des réac-

teurs électrochimiques (piles & combustibles), granted by Département TRE-
FLE

. Valentin Allard (2021), In situ characterization of polymer electrolyte mem-

brane in microfluidic electrolyzer, granted by Solvay/LOF

. Sami Mahmoud (2020), Etude et développement de méthodes inverses ther-

miques pour la reconstruction spatiale de sources, granted by ENSAM

. Lucie Lindingre (2019), Couplage d’imagerie et de spectroscopie infrarouge :

Caractérisation in-situ de milieux réactionnels, granted by Solvay/LOF

7.3 PhD Students

In total T supervised and I am supervising 6 PhD students. Among them, 4 have
already defended their thesis.

6.

5.

Alisa Svirina, Energy optimization of microbatteries by 3D thermal mi-
croscopy, 2023-2026. Co-supervised (30%) with J. Maire and J.-C. Batsale

Florian Crouau, Super resolution thermal imaging for energy transfer opti-
mization in microsystems, 2023-2026. Co-supervised (30%) with J. Maire and
J.-L. Battaglia (12M).
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4. Marine Garcia, Caractérisation multiphysique des piles & combustible mi-
crofluidique par thermospectroscopie & détection synchrone, 2021-2024. Co-
surpervised (50%) with J.-C. Batsale (I12M), and A. Sommier (I2M)

3. Kevin Krause, Advanced PEM Electrolyzer Mass Transport Control using in
Infrared Thermal Imaging, 2021-2024. Co-director 50% with J.-L. Battaglia
(I2M).

2. Coline Bourges, TomoThermoSpectroscopie InfraRouge pour I'étude des trans-
ferts de chaleur et de masse en milieu vivant, 2020-2023. Co-supervised 30%
with C. Pradére (I2M) and S. Dilhaire (LOMA).

1. Abderezak Aouali, Tomographie thermo-spectroscopique pour I’étude des
torches a plasma, 2019-2021. Co-supervised (50%) with C. Pradere (12M)

7.4 Post-doctoral fellow

In total I am supervising 1 post-doctoral candidate.

1. Jonathan Letessier, Thermo-tomography of buried Interfaces in Micro-
Supercapacitors, 2024-2026. Co-supervised (50%) with J. Maire

7.5 Research project granted

To support my research and hire PhD and Master students, I was able to collect
almost 1 M€ (942 k€) over the last few years. I summarised in the following the
main research projects as a project coordinator (5 projects in total), and the others
where I work as partner or work package leader.

7.5.1 Project coordination

For all these project T was in charge of writing the proposal, hiring the students
and performing a part or in totality the experiments planned, and writing the final
reports.

6. 2023: SMARTBAT. Project coordinator. Grant from the Joint PhD Program
between The University of Tokyo (Prof. Minani) and The Centre National de
la Recherche Scientifique (CNRS). 2 PhD scholarships ( 246k€) and 30k€ for
mobility and small consomables. Project related to XX PhD thesis.

5. 2022: Application as PI for beam time at the Canadian Light Source in
Canada. Granted as principal investigator for 108 h of beam time in De-
cember 2022.
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4. 2022: NeuroTherm. Project coordinator. Grant from the Centre National
de la Recherche Scientifique (CNRS) in the framework of PEPS instrument.
Project in collaboration with IMS. 20k€ for small equipment.

3. 2020: IMAGING. Project coordinator. Grant from the Joint PhD Program
Program between The University of Toronto (U of T') and The Centre National
de la Recherche Scientifique (CNRS). 1 PhD scholarship ( 123k€) and 15k€
for mobility. Project related to K. Krause PhD thesis.

2. 2020: I2MPAC. Project coordinator. Grant from the French National Re-
search Agency (ANR) in the framework of JCJC instruments. A total of
238k€ for 1 PhD scholarship ( 123k€), 80k€ for equipment, 20k€ for mo-
bility and publications, and 15k€ for teaching release. Project related to M.
Garcia PhD thesis.

1. 2016 : Engineered gas diffusion layer structure with controlled transport prop-
erties for improved PEM fuel cell performance. Project coordinator. Grant
from the European Union (Marie Curie fellowship) for a two-year postdoctoral
scholarship ( 90 k€) at the Laboratoire de Thermique et Energie de Nantes
(LTEN).

7.5.2 Work package leader

3. 2022: OptUSeH2. Work package coordinator (WP1 & WP3). Grant from the
Carnot Institute ART in the framework of the hydrogen program. Project
in collaboration with three others academic partners. 120k€ for small equip-
ments and an 18-month postdoc.

2. 2021: ITEM. Work package leader. Grant from the Region Nouvelle Aquitaine
in the continuation of the project I2MPAC. 60 k€ of equipment are funded
to acquire new cameras and optical sources. The total project funded by the
Region Nouvelle Aquitaine is 200 k€.

1. 2015: Application as partner (postdoc) for beam time at the Canadian Light
Source in Canada and BESSY II in Germany. Both granted.

7.5.3 Industrial contracts

A total of 54k€ of industrial contracts was earned over the last five years with
mainly partners involved in the electrochemical industry for batteries and fuel cells.

3. 2023: Automotive Cells Company, 25k€. Project coordinator. Measurements
of the impregnation kinetics of their electrolyte during the electrode batteries
fabrication. It uses the flying spot and thermal flash techniques.
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2. 2019-2021: Solvay, 20k€. Project coordinator. Grant for two Master 2 scholar-
ships from Solvay to measure their PEM membrane permeability and develop
the thermospectroscopic imagig setup.

1. 2018: Takazago, 9k€. Project coordinator. Development of an experimen-
tal protocol to measure vapor parfum diffusivity in air for Takasago Furope
Perfumery.
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In this chapter I summarised all my teaching activities within the last five years
at Arts et Métiers. In particular, a focus is made on all the new courses I built since
my nomination and the evolutions made of existing courses.

8.1 Advanced energetic course

Intended learning outcomes:
At the end of the course, the student will be able to:

1. classify different energy machines;

2. quantify energy transfer within machines and networks;

3. evaluate the occurrence of cavitation in machines and networks;

4. design machine blade pre-sizing;

5. determine the thermodynamic cycle of an energy machine and plant;

6. evaluate a real (polytropic) transformation in a component;

Number of students and academic level:
Approximatively 2 x 75 students at Master 1 level from the Programme Grande
Ecole d’Arts et Métiers.
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Involvement in the course:
Creation of the lectures and support of the tutorial class. Writing of a small 20-pages
books dedicated to this course. Roughly 100 hours per year.

8.2 Heat transfer lab class

Intended learning outcomes:
At the end of the course, the student will be able to:

1. Measure the main thermal properties in solids media
2. Measure and classify the heat transfer by convection
3. Solve the heat transfer equation numerically in 2D

4. Evaluate defects in solid materials using infrared cameras.

Number of students and academic level:
Group of approximatively 12 students at License 3 level (equivalent to Bachelor).

Involvement in the course:
Preparation of Lab class, creation of one new practical exercises and annual update
of all the lab class support in coordination with three other teachers. Roughly 60
hours per year.

8.3 Hydrogen fundamental and technology course
Intended learning outcomes:
At the end of the course, the student will be able to:

1. Classify the different fuel cell technologies

2. Understand the main physical phenomena occurring during the energy con-
version

3. Do a basic modelling of the fuel cell polarization curve

4. Design an electrical chain powered by a fuel cell

Number of students and academic level:
Approximatively 30 students at Master 2 level (last year) from the Programme
Grande FEcole d’Arts et Métiers.

Involvement in the course:
Entirely new course built from scratch for the hydrogen speciality in the last year of
the Programme Grande Ecole. Writing of the course and tutorial activities. Roughly
10 hours per year.
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8.4 Undergraduate student projects

Number of students and academic level:
Two groups of 4 students each every years.

Involvement in the course:
Small projects made over the second year of the Programme Grande Ecole d’Arts et
Meétiers. I am in charge to define the project and the objectives. I supervise the stu-
dents over the year (one meeting every 2 weeks) and evaluate their accomplishments.
Roughly 24 hours per year.
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Thermal tomography for microscale energy conversion devices

Abstract:

The main objective of this thesis is to provide energy conversion devices with
three-dimensional (3D) heat and mass transfer characterization carried out at
microscale, i.e. achieving a spatial resolution of 1 pm per voxel.

Microscale energy conversion devices embed both microfluidic electrochemical
chips (fuel cells, electrolyzers, redox flow batteries), micro batteries or super
capacitors among others. Regardless their growing use in our current energy mix,
many fundamental questions remain open, hindering either their performances and
lifetime. In particular, the knowledge of heat transfers is used to inform on many
physical processes such as diffusion, kinetics, current density distributions, double
capacity layers, contact resistances and so on.

To achieve this goal, new contactless methods based on thermospectroscopy
imaging, thermotransmittance imaging and analytical modelling of heat and mass
transfers in microfluidic energy conversion devices has been developed over the
five last years. Important milestones were reached with successful mass transport
loss measurements in microfluidic electrolyser membrane using infrared (IR)
spectroscopy and bulk temperature measurements in dielectric materials at the
microscale. All these imaging techniques have reached the needed maturity to move
toward IR-based tomography at the microscale.

The approach proposed in this thesis to achieve 3D fields is based on lamino-
graphic technique to transform a set of images captured by an IR camera with
different angle of projection to depth coordinates. This method requires the use of
thermotransmittance in semi-transparent media and can only be achieved (i) by
increasing our camera signal to noise by a factor one thousand and (ii) by designing
specific energy conversion devices compatible with IR transmission. To meet these
challenges a combination of advanced inverse methods using integral transforms,
deconvolution algorithm of diffusion equations and superresolution imaging is
proposed along with the development of a new instrumentation based on modulated
high power density IR lasers. Energy characterization in some microfluidic energy
conversion devices using this new thermal tomography is also proposed at the end
of this thesis.

Keywords: Infrared imaging, Tomography, Spectroscopy, Microfluidic, Heat
transfer, Mass transfer, Energy conversion.
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