Study of the electrochemical reaction and bubble
dynamics in proton exchange membrane electrolyzer

cells

A Dissertation Presented for the
Doctor of Philosophy
Degree

The University of Tennessee, Knoxville

Yifan Li

December 2019



Copyright © 2019 by Yifan Li

All rights reserved.



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my advisor, Dr. Feng-Yuan Zhang, for
taking the time to mentor and he help me. He is my "once in a lifetime" teacher that will
stay with me forever, who believed me can overcome the difficulties during my hardest
time. | would like to express my sincere gratitude to Dr. Matthew M. Mench, Dr. Reza
Abedi, and Dr. Lloyd M. Davis for serving on my dissertation committee. Thanks for the
time, talent, insight and expertise they have given to my research.

| would like to thank the members of NanoHELP, Dr. Jingke Mo, Dr. Zhenye Kang, Dr.
Gaogiang Yang, Dr. Kui Li, Dr. Zhigiang Xie, Shule Yu, Derrick A Talley, Yeshi
Dohrmann for their help, support, and friendship, it has been my privilege to work with
this group. 1 would like thank the help from Douglas Warnberg, Alexander Terekhov,
Kathleen Lansford, Dr. Lee Leonard, they taught me to learn many new skills and helped
me to design and manufacture a lot of research equipment, and to my friends, Hang Wang,
and Zefeng Lyu for all the fun we have had.

| thank Dr. G Kane Jennings, and Dr. Xuanli Deng from Vanderbilt University for their
advice and help.

| also greatly appreciate the support from U.S. Department of Energy’s National Energy
Technology Laboratory under Award DE-FE0011585, and National Renewable Energy
Laboratory under Award DE-AC36-08G028308.

Finally, 1 would like to express my sincere gratitude to my parents for their love and

support. Without them, this day would not have been.



ABSTRACT

Hydrogen is a key zero-emission energy storage medium in energy industry of the world.
The electrolysis of water with proton exchange membrane electrolyzer cells (PEMECS)
has been considered as a promising technology for producing hydrogen and oxygen. The
understanding of the electrochemical reactions and two-phase flow phenomena occur in
PEMEC:s is a very important part in promoting energy efficiency of both engineering and
sciences. Effective two-phase flow transport is key factor for PEMECs to achieve high
performance, since the accumulation of bubble blocks the active areas, and leads to mass
transport losses. The objective of the research is to investigate the oxygen evolution
reaction (OER), hydrogen evolution reaction (HER), and temperature distribution variance,
in order to better understand the mechanism of electrochemical reactions and bubble
dynamics, and how their impact on the cell performance. The main task of this thesis
includes: (a) in-situ visualize and investigate the OER for better understanding the bubble
growth process; (b) in-situ and ex-situ investigate the impact of wettability on the bubble
dynamics and cell performance in a PEMEC with Ti thin film LGDL,; (c) in-situ visualize
and investigate the OER and HER in PEMECs for better understanding the bubble
detachment process. (d) in-situ visualize and investigate the temperature variance and
hydrogen bubble dynamics for better understanding the mechanism of HER; (e) in-situ
visualize and investigate the bubble dynamics and two-phase flow in PEMECs with Ti felt

LGDL.
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CHAPTER |

INTRODUCTION

1.1 Overview

Today, greenhouse gases driven by the human activities are the most significant factor that
impact the global environment. In recent years, more than a half of the US global warming
emissions were caused by burning of fossil fuels. In contrast, clean renewable energy
sources produce no global warming emissions, development of clean renewable energy
resources is necessary for the world.

Today, greenhouse gases driven by the human activities are the most significant factor that
impact the global environment. In recent years, more than a half of the US global warming
emissions were caused by burning of fossil fuels. In contrast, clean renewable energy
sources produce no global warming emissions, development of clean renewable energy
resources is necessary for the world.

Hydrogen is a clean energy carrier has attracted a worldwide attention. World
consumption of both captive and merchant hydrogen were increased rapidly in the past few
decades. About 10 million metric tons of hydrogen are produced in the US every year, and
this number is expected to continue increasing. This increase can be attributed to the
increase of car ownership rate and the development of energy industry. However, most
hydrogen used today is produced from fossil fuels, such as oil or natural gas. Fossil fuel

create air pollution and has a negative effect on the sustainable society.



Among the various methods for producing hydrogen and oxygen, the proton exchange
membrane electrolyzer cells (PEMECSs) is one of the most convenient method without
pollution, and has attracted an ever-increasing attention among researchers. The main
advantages of PEMECs are as follows:

e The produced hydrogen gas has a very high purity (99.995%).

e The PEMECs can operate at a very high current density (>2 A/cm?) and pressure
(up to 35000 kPa).

e The PEMECs have a fast response, and have a good durability (usually longer than
1000 hours).

Typically, the transparent PEMECSs consist of two end plates, catalyst coated membrane
(CCM), bipolar plate (BP), two liquid/gas diffusion layers (LGDLS), two gaskets,
transparent plate and two current distributors, as illustrated in Figure 1. Nafion membrane
coated with catalyst layer is generally used as the CCM. The anode LGDL is usually Ti
felt, Ti foam, or Ti thin film, and thecathode LGDL is typically carbon paper. DI water is
introduced into the flow channels. In the anode, the water is split into oxygen, protons and
electrons, and the protons combine with the electrons to form hydrogen at the cathode, as
described as follows:

Anode reaction:

Catalyst
2H,0 —— 4H* + 0, + 4e~ (1)

Cathode reaction:

Catalyst
4H* +4e~ —— 2H, 2



In the PEMECSs, bubbles are generated and detached from the active areas to the flow
channels. The bubbles must be effectively generated and removed from the active areas,
an ineffective bubble generation and removal could hinder the transport of reactant from
the flow channel to the active areas. In addition, the long stay of bubbles could cause a
degradation on the catalyst layer and the LGDL. The performance and the durability of the
PEMECs will also be degraded. Thus, studying bubble formation, growth, and detachment

during water electrolysis is crucial for optimizing the PEMECs.

1.2 Background and literature review

In this chapter, the general requirements for the electrochemical reaction are described, the
methodology and tools used in this project are provided. An introduction of the background
and previous research on electrochemical reaction and two-phase flow in porous transport
layer are provided. In addition, previous research on bubble evolution in PEMECs are
summarized. Finally, a variety of imaging techniques on fuel cell and electrolyzer

visualization are introduced.

1.2.1 Electrochemical reaction in PEMECs

During the operation of PEMECs, water circulated on the anode side, and when the water
comes to the interface between the LGDL and the catalyst layer, it will be split into protons,

oxygen and electrons. Oxygen transport out of the PEMEC with the incoming water flow.
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Figure 1. Schematic of a transparent PEMEC.



Protons transport from the anode side to the cathode side through the membrane in the
middle. At the cathode side, protons combine with the electrons to form hydrogen. The
electrochemical reactions occurred in the PEMECs are ultrafast and in micro scale [1].
Also, the electrochemical reaction occurs in the middle of the PEMECs, a place covered
by the current distributor, transparent plate and end plate. It is impossible to use microscope
to do the visualization research. Thus, more related studies on hydrogen and oxygen
evolution reaction by using more advanced visualization system is necessary for enhancing
the PEMECs performance, and increase the amount of products (oxygen and hydrogen) at

low cost [2].

1.2.2 Triple-phase boundary

In PEMECs, “triple-phase boundary” is a very important concept during the water
electrolysis, because the electrochemical reaction can only occurs at this place [3, 4]. It is
a place with electron conductors, catalysts, proton carriers, and pathways for
reactants/products. However, the triple-phase boundary has some requirements: it requires
an easy pathway for reactant and products; it requires to transfer the electrons; and it
requires catalyst to occur the reactions. For a traditional PEMEC, the reaction sites are in
the middle of the PEMECs and are covered by the other plates with complicated structure,
and it is impossible to capture and investigate the electrochemical reaction with traditional

PEMECs. A transparent PEMECs can provide an observation window to directly visualize



the electrochemical reaction in the middle, and challenges the previous assumption that the

electrochemical reaction are occurred on the whole catalyst layer surface.

1.2.3 Characteristics of two-phase Flow in PEMECs

There are generally 3 different kinds of two-phase flow phenomena commonly occurred in
the flow channels of a PEMEC, namely, bubbly flow, slug flow, and annular flow. At the
large flow rate and low operating current density, gas bubbles are in small size and bubble
merge behavior are not common, only bubbly flow can be observed at this condition. When
the flow velocity gradually decreased and the current density increased, the bubble
generation and merge behavior become more common, large bubbly flow and slug flow
can be observed at this condition [5, 6].

When the flow velocity becomes minimum and the operating current density becomes very
large, the bubble generation sites also greatly increased, the channels are full of large slug
and even annular flow. The flow channels are blocked by the annular flow and may cause

an impact to the operating performance.

1.2.4 Contact angle

The contact angle is the angle used to measure through the liquid to display the wettability
of the contact surface between the gas and the liquid. As shown in the Fig.2, the first bubble

on the left shows a small contact angle (8 < 90°).



Liquid

Figure 2. Schematic of contact angles formed by bubble.

More specifically, a contact angle smaller than 90° indicates that the surface is a
hydrophilic, which tends to attract water. On the other hand, the bubble on the right, shows
a large contact angle contact angle (8 > 90°). A contact angle larger than 90° indicates
that the surface is a hydrophobic surface, tends to repel the water. A hydrophilic surface is
preferred for enhancing the cell performance, because it can accelerate the bubble

detachment speed [7, 8].

1.2.5 Visualization of bubble dynamics in fuel cell and electrolyzer

A lot of researches have been done to thoroughly investigate the bubble dynamics and two-
phase flow phenomena in different systems, including boiling system, simulator, fuel cell,
and electrolyzer cell, to better understanding the bubble behavior in the systems. Selamet

et al. visualized and investigated the bubble dynamics and two-phase flow phenomena in
7



PEMECs [9, 10]. They investigated the impact of different operating conditions (flow rate,
temperature) on the oxygen bubble. They found that the oxygen bubbles are more easily
removed with an increase of the flow rate. They also found that the cell performance could
get greatly influenced with an increase of temperature. Mo et al. discovered the inside fluid
phenomena by using a high-speed visualization system together with a specifically
designed transparent PEMEC that allowed them to gather almost all the information they
needed in the micro-channels. They observed a very interesting phenomenon that the
bubble only generated at the rim of the pores, and that almost no bubble generated in the
center [11-13]. Chandran et al. observed constant increases in the size of hydrogen bubbles
when they were generated at different locations. Bubble sizes varied from 40 to 100 pm at
the surface of an electrode. When the bubble was generated at a position of 2 mm away
from electrode, it would change from 100 to 130 um. Bubble growth velocity also varied
from 0.3 cm/s to 0.76 cm/s [14]. Yang et al. used a microscope and a high-speed camera to
track the lifetime and size of single hydrogen bubbles on a platinum microelectrode. It is
found that the bubble increased from 50 to 250 pum within 1 second [15]. Panchenko et al.
used neutron radiography technique to visualize the two-phase flow phenomena in a
PEMEC. They found the mass transport loss may increase due to an insufficient moistening
of the membrane. Especially at high current density, the large amount of gas may form a
gas barrier, which prevent the water supply of the catalyst layer [16]. Lafmejani et al.
studied the gas-liquid flow in a PEMEC by using the computational fluid dynamics

simulation method and in-situ experimental research, which employed 4 mm width channel,



0.968 m/s inlet liquid velocity and 6.38 x 10" m/s inlet gas velocity. Both the experimental
and simulation results showed that there were some small bubbles between the long taylor
bubbles, and it was also found that the shape of the micro-channel could affect the behavior
of taylor bubbles [17]. Dedigama et al. measured and visualized the two-phase flow
phenomena relating to the operation potential of a transparent single channel PEMEC (3
mm x 85 mm) with different water flow rates (1, 3, 5 ml/min). They found bubble diameter
was changed from 0.87 mm at low potential with a flow rate of 5 ml/min to 2.93 mm at
high potential with a flow rate of 1 ml/min , which meant the oxygen bubble size could
increase with increasing in potential and decrease with increasing in water flow rate [18].
Zhang et al. took advantage of micro visualization system and designed transparent PEM
fuel cells. They successfully in-situ revealed the micro drop dynamics on the GDL surface
and two-phase flow in micro channels [19, 20]. For further in-situ investigation of the
dynamics of microdroplets and electrochemical reactions on the CL surface, including
micro drop formation, growth, coalescence, and removal, Zhang et al. developed metallic
gas diffusion layer with straight pores and catalyst-visible operational fuel cells. They
showed reducing the GDL pore size and increasing catalyst layer hydrophobic property
would retain liquid water in the gas phase [21-23]. Liao used a transparent direct methanol
fuel cell to visualize the flow of CO- gas bubbles in the anode channels, and found that
increasing flow rate from 2 ml/min to 10 ml/min could accelerate the removal of the
discrete CO> gas bubbles and improve the cell performance [24]. Ito et al. investigated the

impact of porosity and pore diameter of LGDL on the PEMEC performance. They found



that the performance can greatly increase with a decrease of pore size. Large bubbles are
more easily form in a large pore with large pore size, and may block the pathway of
reactants, finally leading to a decrease of cell performance. Finally, they found a uniform
contact pressure between the LGDL and the catalyst layer could reduce the contact
resistance and activation overpotential [25].

There are also a lot of researchers focused on the investigation of the wettability impact on
the electrochemical reaction and operating performance. Kumbur et al. and LaManna et al.
investigated multiphase capillary transport through the thin diffusion media, microporous
layer, catalyst layer and their interfaces, and proposed a new correlations between capillary
pressure—liquid saturation. They also found that any hydrophobicity increase in the DM led
to higher capillary pressures and less flooding [26-28]. LaManna et al. further studied
interfacial effects for DM|MPL and MPL|CL the diffusion thoroughly Cubaud et al.
investigated different types of liquid/gas flow patterns in square microchannels and
observed five primary types of flow regimes in hydrophilic channels: bubbly, wedging,
slug, annular, and dry flow. Three different flow regimes were also seen in hydrophobic
channels: isolated asymmetric bubble flow, wavy bubble flow, and scattered droplet flow
[29]. Li et al. investigated the impact of wettability on the bubble dynamics and cell
performance. They found the bubbles in PEMECs with hydrophilic LGDL are more easily
to detach, and the large bubbly and slug flow are much smaller than that with hydrophobic
LGDL [30]. Sakuma et al. observed single and multiple oxygen low-speed bubbles

evolution phenomena, with the bubble diameter increasing from about 0.02 mm to 0.6 mm

10



within 4.6 s. They found the surface wettability played a major role in bubble growth
behaviors. Nucleation sites decreased and bubble sizes became large with increasing
surface hydrophobicity. Bubbles were also difficult to detach from hydrophobic electrode.
The result was discovered by using the current interrupter method, which could measure
the ohmic resistance corresponding to the surface coverage [31].

Finally, there are many researchers studied the electrochemical reaction by using
mathematic model. Han et al. built a two-phase transport model for PEMECSs. This model
can provide a detailed understanding of the impact of contact angle, porosity, and
membrane thickness on the polarization curve and cell performance. A comprehensive
investigation of the ohmic loss, activation loss, and mass transport loss change with
different membrane thickness has been provided [32]. By simulating liquid water dynamics
and two-phase transport in fuel cells, Meng et al. performed the theoretical studies and
investigated interfacial liquid saturation between the flow channel and the GDL on the
PEMFC performance [33, 34]. Wang et al. developed a three-dimensional two-phase
model to electrochemical processes and multiphase flows in fuel cells. They found that
multiphase flows emerged near the channel outlet with co-flow configuration[35, 36].
Jouhara et al. developed a 3-dimensional CFD model to simulate the two-phase flow
dynamics in a pipe and was found able to reproduce the multiphase flow phenomena for

different kinds of working fluids (water and R134a) [37].
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1.3 Motivation and objectives

The electrochemical reactions occurred in the PEMECs are expressed by the bubble
evolution. A better understanding of the bubble dynamics and two-phase flow phenomena
helps to better optimize the hydrogen and oxygen production and enhance the cell
performance. The primary motivation for this thesis is to understand the effect of different
operating factors (specifically, temperature, current density, flow rate, and surface
wettability) on the bubble dynamics in the PEMECs. The cost reduction of the PEMECs
can be achieved by understanding the bubble behaviors at different working conditions and
improving the performance.

The main objective of this research is to develop experimental and mathematical method
to visualize and investigate the bubble dynamics and two-phase flow phenomena in
PEMEC:s in order to characterize the impact of properties (different temperatures, current
densities, flow rates, wettability) on the bubble evolution process, to have a better
understanding of the true electrochemical reaction inside the PEMECs, and finally find the
best working conditions to improve the efficiency. To accomplish this goal, both hydrogen
and oxygen bubble behavior were visualized using transparent PEMECs and high-speed
and microscale visualization system. Moreover, a mathematic model for the bubble
evolution was developed and is in a good agreement with the experimental data. Chapter 2
applied both experimental and modeling methods in order to gain insight on the impact of
different operating conditions on the bubble growth in PEMECs. In chapter 3, an

experimental study was done to investigate the impact of LGDL wettability on the

12



performance and bubble dynamics of PEMECs. In chapter 4, a correlation between the
electrochemical reaction on the cathode and the temperature distribution change has been
built for a better understanding the hydrogen evolution reaction. In chapter 5, both
hydrogen and oxygen bubble growth and detachment process were in-situ visualized, a
mathematic model for bubble detachment diameter at different working conditions was
built and validated using the experimental results. The modeling results can be applied in
different working conditions and different applications. In chapter 6, bubble dynamics and
two-phase flow phenomena in PEMECs with Ti felt LGDL has been visualized and

investigated at different working conditions.
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IN-SITU INVESTIGATION OF BUBBLE DYNAMICS AND TWO-
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2.1 Abstract

Gas bubble dynamics and two-phase flow have a significant impact on the performance
and efficiency of proton exchange membrane electrolyzer cells (PEMECs). It has been
strongly desired to develop an effective experimental method for in-situ observing the
high-speed/micro-scale oxygen bubble dynamics and two-phase flow in an operating
PEMEC. In this study, the micro oxygen bubble dynamic behavior and two-phase flow
are in-situ visualized through a high-speed camera coupled with a specific designed
transparent PEMEC, which uses a novel thin liquid/gas diffusion layer (LGDL) with
straight-through pores. The effects of different operating conditions on oxygen bubble
dynamics, including nucleation, growth, and detachment, and two-phase flow have been
comprehensively investigated. The results show that temperature and current density have
great effects on bubble growth rate and reaction sites while the influence of flow rate is
very limited. The number, growth rate, nucleation site, and slug flow regime of oxygen gas

bubbles increase as temperature and/or current density increases, which indicates that an
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increase in temperature and/or current density can enhance the oxygen production
efficiency. Further, a mathematical model for the bubble growth is developed to evaluate
the effects of temperature and current density on the bubble dynamics. A mathematical
model has been established and shows a good correlation with the experimental results.
The studies on two-phase flow and high-speed micro bubble dynamics in
the microchannel will help to discover the true electrochemical reaction at micro-scale in

an operating PEMEC.

2.2 Highlights
o Rapid micro oxygen bubble generation and growth are in-situ visualized.
o Bubble growth rate and reaction sites are increased with the current density.
o A model shows a good agreement with the experiment results.
o Annular flow is more easily to form under high current densities.

2.3 Introduction

With the growing development of various energy production and use industries, such as
aerospace, public transportation and domestic use, the traditional energy production and
storage methods can no longer meet the public demands because of its global-warming
potential, low energy density, risk of explosion, continuous growing price, and carbon

monoxide inhalation [1, 2]. With this background, water electrolysis, for example, uses
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electricity to split water into its constituent oxygen and hydrogen atoms, offering the most
promising method currently known for oxygen and hydrogen production [3]. Electrolysis
can take place quickly at different scales ranging from micro to macro. The advanced
proton exchange membrane electrolyzer cells (PEMECS) used for this purpose are widely
considered to offer an efficient way of producing oxygen and hydrogen from renewable
energy. What’s more, PEMECs offer a range of benefits, including heightened
effectiveness, quick response times, higher levels of gas purity, and ease of handling [4-9].
However, they present certain challenges of cost, durability, and efficiency [10-13].
In an operating PEMEC, the oxygen evolution reaction (OER) occurs at anode side and
must meet the triple-phase boundary requirements involving electrons, catalysts (IrRuOx),
proton carriers, and pathways for water and oxygen. Water is circulated during the
operation at the anode side of the PEMECs to the interface between the catalyst layer and
the liquid/gas diffusion layer (LGDL) where it reacts with the catalyst to be split into
oxygen, protons, and electrons. The oxygen is carried with the incoming water flow to the
outlet at the anode. The protons are transferred from the anode side to the cathode side
through the membrane in the middle of the cell and then react with the electrons from
outside to form hydrogen gas.

The electrochemical reactions at the anode and cathode of a PEMEC can be given as

Equations (1) and (2).

Catalyst

Anode: 2H,0 ——— 4H* + 0, + 4e~ 1)
Catalyst
Cathode: 4H* + 4e~ —— 2H, @)
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Some experimental and modeling studies have been already conducted to the bubble
and two-phase transport dynamics inside a water electrolyzer under various conditions. Mo
et al. discovered the inside fluid phenomena by using a high-speed visualization system
together with a specifically designed transparent PEMEC that allowed them to gather
almost all the information they needed in the micro-channels. They observed a very
interesting phenomenon that the bubble only generated at the rim of the pores, and that
almost no bubble generated in the center [14-16]. Sakuma et al. observed single and
multiple oxygen low-speed bubbles evolution phenomena, with the bubble diameter
increasing from about 0.02 mm to 0.6 mm within 4.6 s. They found the surface wettability
played a major role in bubble growth behaviors. Nucleation sites decreased and bubble
sizes became large with increasing surface hydrophobicity. Bubbles were also difficult to
detach from hydrophobic electrode. The result was discovered by using the current
interrupter method, which could measure the ohmic resistance corresponding to the surface
coverage [17]. Lafmejani et al. studied the gas-liquid flow in a PEMEC by using the
computational fluid dynamics simulation method and in-situ experimental research, which
employed 4 mm width channel, 0.968 m/s inlet liquid velocity and 6.38 x 10 m/s inlet gas
velocity. Both the experimental and simulation results showed that there were some small
bubbles between the long taylor bubbles, and it was also found that the shape of the micro-
channel could affect the behavior of taylor bubbles [18]. Ito et al. investigated the influence
of water flow in a channel on the gas production efficiency of an operating solid polymer

water electrolyzer and the detachment phenomena of hydrogen gas bubbles in a 1000 pm
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width channel. The study found that production efficiency increased with water flow rate
and bubbles were more easily to detach at 120 cc/min and 0.3 MPaG [19]. Dedigama et al.
measured and visualized the two-phase flow phenomena relating to the operation potential
of a transparent single channel PEMEC (3 mm x 85 mm) with different water flow rates
(1, 3, 5 ml/min). They found bubble diameter was changed from 0.87 mm at low potential
with a flow rate of 5 ml/min to 2.93 mm at high potential with a flow rate of 1 ml/min ,
which meant the oxygen bubble size could increase with increasing in potential and
decrease with increasing in water flow rate [20]. Chandran et al. observed constant
increases in the size of hydrogen bubbles when they were generated at different locations.
Bubble sizes varied from 40 to 100 um at the surface of an electrode. When the bubble was
generated at a position of 2mm away from electrode, it would change from 100 to 130 pum.
Bubble growth velocity also varied from 0.3 cm/s to 0.76 cm/s [21]. Bo et al. established
a mathematical model to simulate the two-phase flow behaviors in a PEMEC and did a
comprehensively investigation of different factors including contact angle, porosity, and
pore size, on the capillary flow and the distribution of liquid water in microchannel. The
results showed that an increasing in contact angle will raise the cell voltage and decrease
cell performance, the increased LGDL porosity will enhance the cell performance. The
other factors like the membrane thickness, current density also have a significant influence
on the cell performance [22-25].

Many researchers have studied on the dynamics of bubble evolution and two-phase flow

in different systems, including a boiling system, a simulator, a fuel cell, and a water
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electrolyzer cell. Yang et al. used a microscope and a high-speed camera to track the
lifetime and size of single hydrogen bubbles on a platinum microelectrode. It is found that
the bubble increased from 50 to 250 um within 1 second [26]. Zhang et al. took advantage
of micro visualization system and designed transparent PEM fuel cells. They successfully
in-situ revealed the micro drop dynamics on the GDL surface and two-phase flow in micro
channels [27, 28]. For further in-situ investigation of the dynamics of microdroplets and
electrochemical reactions on the CL surface, including micro drop formation, growth,
coalescence, and removal, Zhang et al. developed metallic gas diffusion layer with straight
pores and catalyst-visible operational fuel cells. They showed reducing the GDL pore size
and increasing catalyst layer hydrophobic property would retain liquid water in the gas
phase [29-31]. Kumbur et al. and LaManna et al. investigated multiphase capillary
transport through the thin diffusion media, microporous layer, catalyst layer and their
interfaces, and proposed a new correlation between capillary pressure—liquid saturation.
They also found that any hydrophobicity increase in the DM led to higher capillary
pressures and less flooding [32-34]. LaManna et al. further studied interfacial effects for
DM|MPL and MPL|CL the diffusion thoroughly Cubaud et al. investigated different types
of liquid/gas flow patterns in square microchannels and observed five primary types of
flow regimes in hydrophilic channels: bubbly, wedging, slug, annular, and dry flow. Three
different flow regimes were also seen in hydrophobic channels: isolated asymmetric bubble
flow, wavy bubble flow, and scattered droplet flow [35]. By simulating liquid water

dynamics and two-phase transport in fuel cells, Meng et al. performed the theoretical
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studies and investigated interfacial liquid saturation between the flow channel and the
GDL on the PEMFC performance [36, 37]. Wang et al. developed a three-dimensional two-
phase model to electrochemical processes and multiphase flows in fuel cells. They found
that multiphase flows emerged near the channel outlet with co-flow configuration[38, 39].
Liao used a transparent direct methanol fuel cell to visualize the flow of CO2 gas bubbles
in the anode channels, and found that increasing flow rate from 2 ml/min to 10 ml/min
could accelerate the removal of the discrete CO2 gas bubbles and improve the cell
performance [40]. Jouhara et al. developed a 3-dimensional CFD model to simulate the
two-phase flow dynamics in a pipe and was found able to reproduce the multiphase flow
phenomena for different kinds of working fluids (water and R134a) [41].

Other investigators [42-49] also analyzed the bubble formation and evolution
mechanisms during different conditions and other applications. However, understanding
the true two-phase transport inside the PEMEC has been of great challenges. In this study,
by using the thin well-tuned LGDL and the microscale high-speed visualization system,
the visualization experiments were conducted to observe the two-phase flow phenomena
within a microchannel. Oxygen bubbles’ generation and growth behavior in microchannels
were measured with different temperatures, current densities, and fluid rates. Bubbly flow,
slug flow, annular flow, and other typical flow patterns were found to occur in the
microchannels during two-phase flow periods. Notably, several factors affect bubble
formation in specific pores, including reaction rates and reaction sites as well as

temperature, and current density have been discussed for thoroughly understanding of two-
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phase flow phenomena. This research is expected to lead to complete understanding of the
bubble-producing and evolution mechanisms in the PEMEC, which can provide insights

for improving the cell performance and efficiency.

2.4 Experimental details

A schematic of the transparent PEMEC is shown in Figure 3. Some changes are made from
a conventional PEMEC to allow visualization of cellular reactions and improve the
operation efficiency. The two end plates are made of stainless steel. A rectangle hole
measuring 20 mm by 33 mm is created in the end plate at the anode side as an observation
window, which is used to observe the two-phase flow phenomena inside the cell. The anode
current distributor is divided into two parts: a gold-coated titanium plate of 0.60 mm thick,
which is used to improve the electrolysis efficiency, and a transparent plastic plate with
flow channels. Also, a 1 cm? novel thin-film circular pore-shaped LGDL is developed with
a thickness of 25 um. The specifically designed well-tunable LGDL is the key component
of the PEMEC in the present experiment, because it could greatly decrease the ohmic loss
and enable a direct capture of electrochemical reactions in an operating PEMEC.

The structure at the cathode side is the same as that of our previous design [50, 51]. The
cathode side current distributor is made of copper. The cathode LGDL is Toray 090 carbon

paper treated with 5% PTFE.
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Figure 3. Schematic of the transparent PEMEC
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The cell is assembled using eight evenly distributed bolts with 40 in-Ib of torque. The
specific designed transparent PEMEC is operated at different temperatures and flow rates,
with an electrolyzer test station to control and monitor flow rate, current densities,
temperature, and voltage.

The potentiostat system controls the PEMEC with an around 100 A current and a 5 V
voltage. The framework is linked to an EC-Lab, which is the electrochemical analysis
program produced by Bio-Logic. The program has been previously utilized in the
assessment of electrochemical impedance spectroscopy (EIS) and cell performance.
Deionized water is supplied with a liquid pump system from KNF Neuberger at a constant
volumetric flow rate of 40 ml/min. As regards performance assessment, the application of
cumulative current density to the PEMEC is applied across a specific time frame. There is
also an increase in current density from 0 A/cm? to 2.0 A/cm? across three varying
temperatures. (40 °C, 60 °C, and 80 °C).

By taking advantage of the high-speed visualization system and specifically designed
PEMEC, a sequence of close-up images and videos of pore-scale electrochemical reactions
can be captured with different current densities, temperatures, and flow rates. Images can
be captured at the right side of the micro-channels via a see-through plate and a high-speed

visualization system with a frame rate of 7500 fps.
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2.5 Bubble Growth Model

Some models and empirical relationships have been proposed to investigate the bubble
dynamic behavior [52-56]. The model is based on the following assumptions: (A) The gas
in the microchannel is assumed to be ideal gas; (B) The bubble growth is only due to direct
diffusion of the oxygen produced by water electrolysis; (C) The bubble growth rate for all
the bubbles at different sites are same under a certain working condition. In the present
study, a model for growing bubbles has been developed to analyze oxygen bubbles’
behavior on the substrate surface. Based on the contact angle and bubble size, the bubble
volume before detaching can be calculated as follows [57],

V= énr3[2 + 3 cos 6 — (cos6)?] (3)
Where r is the radius of bubble, 8 is the contact angle and has a value of 45° [13].

The ideal gas law allows derivation of equation

PpV=nRyT 4)
Where Py is the pressure of the bubble, n is mole number and is given by n = nt, tis the
time, Ry is the gas constant of 8.314 J/mol K, and T denotes the operating temperature in
the unit of K.

According to the balanced electrochemical reaction equation, the rate of gas generation is
given by n = %, (5)
Where i is the current density (A/ cm?), A is the area of LGDL (1.0 cm?), F is the faraday

constant (96485 C/mol).

Combining Equations (3) and (4) gives
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P, gnr3(2 +3cos 0 — (cos)?) = ntR,T (6)

The generation rate for one bubble can be expressed as:

n' =2 ()

N,

Where N, is the total number of bubbles for each test case, giving value of 3386 for 0.5
Alcm?, 4320 for 1.0 A/cm? and 6656 for 4.0 A/cm?, the details to calculate number of
bubbles will be introduced later.

Then the bubble radius for one bubble can be produced as,

3kn'RoT 1
t]s (8)
TtPp(2+3 cos —cos30)

r=[
Where k is the correction factor. Because bubble growth rates maybe affected by contact
pressure, temperature gradient, and so forth, it is necessary to include a correction factor,
k. Bubble growth rates for all pores are assumed to be the same, k can be calculated by
matching the modeling results with the experimental results and has an average value of
1.11.

Once a bubble is generated on the nucleation site, the growth rate, ideally, can be described

as

dr 1

[ 3kn'RygT ro\-2
dt ~ 3 'mP,(2+3 cos6—cos36)

l:(t)= ©)

And the change rate of bubble velocity is,

d?r 2 3kn'RyT o3

atz 9 [n'Pb(2+3 cos 9—cos36)]3(t) ’ (10)
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2.6 Results and Discussion

2.6.1 PEMEC performance

In PEMECs, temperature can greatly influence the cell performance and efficiency.
Research confirms that the increased temperatures will decrease the total cell voltage. An
observation window has been built into the cell features a transparent plastic plate, which
will generate a nonuniform pressure distribution along the whole surface and produce more
resistance in the transparent cell than in the conventional cell. An IR-free method is
introduced into the present study and then ohmic loss will be negligible, which means that
the pressure distribution effect on the PEMEC can be neglected for both transparent and
conventional cell. For comparison, the test is made at different temperatures with a constant
flow rate of 40 ml/min. The final performances at three different temperatures are shown
in Figure 4. The cell voltage increases with an increase in current density. The cell
temperature is in the unit of °C and varies from 40 °C to 80 °C at a step of 20 °C. Lower
voltage at a given current density indicates better PEMEC performance. The best
performance (lowest voltage) is obtained when the temperature is 80 °C, whereas the
lowest temperature of 40 °C results in the worst performance. The operating voltage
reduces from 1.69 V to 1.54 V at 2 A/cm?, conforming to over 8.8 % of an effective
advancement of the temperature increase. Higher temperature in PEMECs exhibits a lower
interfacial resistance by enhancing the interfacial contact, improving the proton
conductivity within the cell, as well as improving the reactants’ diffusion capabilities [58-

60].
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Figure 4. The performance curves under different temperatures, 40 °C, 60 °C, and 80

°C with IR-free method
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It should also be noticed that the performance difference between transparent cell and
conventional cell is very small, as shown in Figure 4, which provides strong support for

the assertion that actual two-phase flow phenomena can be observed in transparent cell.

2.6.2 Two-phase transport in microchannel

In PEMEC microchannels, there are usually four types of two-phase flow regimes,
including bubbly, plug, slug, and annular [61]. The most common phenomena, according
to the visualization results, are bubbly, annular and slug. Figure 5 chiefly shows the three
most common phenomena in the test, with flow direction from left to right. Figure 5A
shows the bubbly, Figure 5B is the slug, and Figure 5C is the annular. The black areas

within the channel represent the catalyst layer, whereas the grey parts represent the LGDL.

Figure 5. Two-phase flow regime in the microchannel: (A) bubbly, (B) slug and (C)

annular.
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The transition from bubbly flow to annular flow can be described as follows. Isolated
bubbles can be observed in the microchannel, after some large bubbles are formed as a
result of bubble coalescence. The larger bubbles are formed through a coalescence process,
capturing other single bubbles to rapidly increase in volume. As a result, the increase in
the bubble area increases the drag force [62], which moves the mass of bubbles toward the
channel outlet to coalesce with many other big bubbles before forming a huge slug. Annular
flow occurs as gas generation rate is high, most of gas flows occupied the center of the
channel (core area), and water flows near the wall as a thin film. Void fraction in gas liquid
flow can be used to define the proportion of gas and liquid rates in the microchannel and

can be expressed as ay = Q4/(Q4 + @), Where @4 and @, are the gas and liquid flow
rates [63]. Current density appears to have significant influence on annular flow formation.
At low current density, gas generation rate is low, @; is dominant over @4, only bubbly
flow can be captured in the microchannel. It has been observed that more gas will be
generated in pores as current density increases. Bubbles are more easily to merge together

and the annular flow phenomena appears to be more common.

2.6.2.1 Current density effect

Figure 6 shows a sequence of images of pore-scale bubble generation, movement, and
reactions. Figure 4A to 4D show bubbles generating at 0.5 A/cm?, 1.0 A/cm?, 2.0 Alcm?
and 4.0 A/cm? at 80 °C. Clearly, the reaction sites and bubble diameter vary with current

densities.
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Figure 6. The different bubble evolution phenomena at channel scale under same
temperature and flow rate, 80°C and 40ml/min and different current densities. (A)

0.5 A/lcm?, (B) 1.0 A/lcm?, (C) 2.0 A/cm?, and (D) 4.0 Alcm?.
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Almost no bubbles are generated in several pores when the current density is 0.5 A/lcm?,
but bubbles generation can be clearly observed when the current density increases, with
bubble diameter and reaction sites significantly increasing as well. This is because bubble
generation rates increase underneath the anode surface at higher current densities. At low
current density of 0.5 A/cm?, bubble radius is relatively small and are captured to generate
and appear on the rim of pores. The electrochemical reaction is relatively slow and only
bubbly flow can exist. With the current density increases, the electrochemical reaction in
the catalyst layer will be accelerated. As a result, the number of bubble nucleation site and

gas bubble size will both increase [64].

2.6.2.2 Temperature effect

Figure 7 shows the effect of the cell operating temperature on the bubble growth rate at 40
°C, 60 °C, and 80 °C. By comparing bubble growth rate and reaction sites at different
temperatures, the bubble radius at 80 °C increases to almost 112.5% of bubble radius at 40
°C. A similar trend can be obtained as the temperature gradually increases. As the
temperature is up to 80 °C, the bubble number in the microchannel will also increase to
about 1.173 time of the bubble number at 40 °C. These outcomes demonstrate that
operating temperature has a degree of influence over oxygen bubble growth. According to
the previous electrochemical performance analysis of a PEMEC [65], activation, open

circuit voltage, diffusion over-potential, and ohmic loss are definitively linked to the total
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Figure 7. Bubble evolution phenomena in the microchannel under the current density

of 0.5 A/cm? and flow rate of 40ml/min, and temperatures of (A) 40 °C, (B) 60 °C, and

(C) 80 °C.

cell voltage while improving PEMEC performance at the same time. Further analysis
shows that the activation over-potential decreases as the operating temperature increases,
possibly related to gas/liquid two-phase transport dynamics. In the existing model, bubble
growth rate is closely linked to the operating temperature, according to equation (8), and
influences the surface tension coefficient which results in a change of the surface tension
force. These results indicate that temperature can influence bubble dynamics in the
microchannel, and offer a path for future research. In this study, the gas in the channel is
assumed to be an ideal gas, so the ideal gas law is applied to derive the growth rate equation
to calculate the temperature effect. With the increase in temperature, both bubble volume

and growth rate rise, and bubbles are more easily to merge before out of the cell.
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2.6.2.3 Flow rate effect

Flow rate appears to have no effect on bubble reaction sites in the microchannel. As
depicted in Figure 8, some visualization pictures are captured to show bubble dynamics
under 3 different flow rates (A: 10 ml/min, B: 30 ml/min, C: 50 ml/min) when the
temperature is 80 °C and the current density is 0.5 A/lcm?2. The total number of bubbles
under each condition is 34, and the average number of bubbles in a single pore at various

flow rate is 1.6. Thus the reaction sites are the same with different flow rates.

2.6.3 Two-phase transport in micro-scale pores

Visualization results are captured in the microchannel with these specifications: 1) height:

1000 pum, 2) width: 500 pm, 3) frame rate: 7500 fps, 4) LGDL thickness: 50 um thin Ti

Figure 8. Bubble evolution phenomena in the microchannel under the temperature of
80°C and current density of 0.5 A/cm?, and different flow rates, (A) 10 ml/min, (B) 30

ml/min, and (C) 50 ml/min.
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foil with circle pores all over. The microchannel of PEMEC is entirely full of DI water

with a 40 ml/min flow rate and the direction of water flow is from left to right.

2.6.3.1 Current density effect

Images of a sequence of pore-scale gas bubble evolution reactions are displayed in Figure
9. Figures 9A to 9E mainly reflect bubble generation and growth from the surface at 0.5
Alcm? and 40 °C. Figures 9F to 9J primarily show bubble generation and growth at 1.0
Alcm? and 40 °C. Figures 9K to 90 focus on bubble generation and growth at 4.0 A/cm?
and 40 °C. A micro gas bubble appears at the rim of the pore and becomes bigger and
bigger over the time lapse of the video, and it is confirmed from the movies that there is no
bubble coalescence during the bubble growth. Once the bubble detaches, it will flow away
within a very short time with the liquid water. In this study, we mainly focused on bubble
growth. Since the bubble detachment are affected by many more factors, the detached
bubble diameters will be varied at different sites, which can be observed in the flow
channel. In Figure 9B, multiple oxygen bubbles with different sizes can clearly be observed
along the rim of the pore. In Figure 9C and 9D, the bubble size continues to increase. In
Figure 7E, bubbles are in the process of detaching from the surface. Similar reactions are
observed when the current density is increased to 1.0 A/cm? and 4.0 A/cm? at the same
temperature. However, both the growth rate and the reaction sites have been increased

greatly. A local increase in supersaturating ratio in the pores can be heightened with an
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Figure 9. Sequence of photographs showing the bubble evolution at pore scale under
different current densities, (A) to (E) bubbles growth at 0.5 A/cm?, (F) to (J) bubbles

growth at 1.0 A/cm?, (K) to (O) bubbles growth at 4.0 A/lcm?2.
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increase in current density. This condition also enhances the bubble nucleation process on
the surface [66].

The process for calculating the total number of bubbles at 0.5 A/cm? can be summarized as
follows:

As shown in Figure 10, the total number of bubbles in a section of the microchannel are 29
at 0.5 A/cm?, and the number of bubbles in one pore is 1.93. The area of the LGDL is 1
cm?, and the porosity is 0.55, which is also the total area of the pores in the channel. Fig. 8
was captured from a high-speed visualization movie. Some detached bubbles in the field
were flowed from the upstream, and were not counted in the calculation. They were not
highlighted in red circle in Fig. 10.

The total number of bubbles in the channel at 0.5 A/cm? can be calculated as,

A
N, = X None pore (11)

Aone pore

Where A is the total area of the pores on LGDL and has a value of 0.55 cm?, 4,,,, porelS
the area of one pore and has a value of 0.000314 cm?

Similar process can be used to get the total number of bubbles at 1.0 A/cm? and 4.0 A/lcm?.
It should be noticed that the total bubble number, N, was estimated based on the local field
of vision from the visualization movie. Some bubbles in the field were not counted in the

calculation because they were flowed from the upstream.
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Figure 10. Number of bubbles in 15 pores
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Figure 11 presents the time evolution of bubble growth diameter at three different current
densities including 0.5 A/cm?, 1.0 A/cm?, and 4.0 A/cm?. It is evident that current density
has a considerable influence on oxygen bubble growth rate. At the low current density of
0.5 A/lcm?, the bubble diameter is small directly as a result of the slow process of
electrochemical reaction. As the current density increases, the electrochemical reaction in
a CL will become faster. More gas will be generated from a nucleation site, and thus gas
bubble diameter increases. Before using a mathematical model in the forecasting of bubble
growth trend, the model is calculated and authenticated using our previous visualization
assessment data. Figure 11 presents the evaluation of model data with assessment data
derived from oxygen bubble growth inside a PEMEC, under the same operational
parameters. The result obtained from the figure shows an excellent agreement between the
simulation and experiment when the total number of bubbles in the channel for 0.5 A/lcm?,

1.0 A/lcm? and 4.0 A/cm? are 29, 37 and 56, respectively.

2.6.3.2 Temperature effect

According to the present growth model, the bubble size is strongly related to the operating
temperature. Temperature will have a significant influence on the bubble dynamics and
two-phase flow behavior inside a PEMEC. The effect of temperature on bubble growth
within a single pore is demonstrated in Figure 12. The generation and growth dynamics of
bubbles are shown at 0.5 A/cm? for two temperatures, 40 °C for Figures A to E and 80 °C

for Figures F to J. As shown in Figures, for a given initial bubble diameter, the diameter
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Figure 11. Comparison of the modeling data and experimental data for oxygen bubble

growth in PEMECs at 0.5 A/cm?, 1.0 A/cm?, and 4.0 A/cm?.
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tends to increase with the lapse of time for the higher temperature. Equation (8) has been
used to elucidate the effects of temperatures on bubble growth, showing that bubble growth
velocity increases with heightened temperatures by approximately 3% for every 10 K. The
effect of the surrounding temperature on bubble growth rate is called the thermal effect,
and it can cause quite a dramatic difference on resulting bubble dynamics. At a higher
temperature, more bubbles are generated from the site of nucleation, and some small
bubbles tend to combine to produce a large bubble. As the bubbles size increases, this
phenomena become more and more significant.

Figure 13 presents the experimental versus modeling data for oxygen bubble growth inside
a PEMEC under the same operating conditions. Modeling results show a strong correlation
with the experimental results. The total number of bubbles in the channel for 40°C and 80
°C are 29 and 30 respectively. The modeling results in Figure 13 indicate that the bubble
diameter increases from about 36 to 88 um at 80 °C and rises up from about 33 um to 68
pm at 40 °C. When the time is equal to 9.9 ms, comparing the bubble diameter at a
temperature of 40 °C and at a temperature of 80 °C, the bubble radius at 80 °C is a relatively
larger than one at 40 °C. A similar trend can be obtained as time gradually increases.
Equation (6) indicates that bubble diameter has an important correlation to the temperature.

Bubble diameter increases along with the temperature.
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Figure 12. Sequence of photographs showing the bubble evolution at pore scale under

different temperatures. (A) to (E) bubbles growth at 40 °C, (F) to (J) bubbles growth

at 80 °C.
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2.6.3.3 Flow rate effect

Figure 14 depicts the bubble growth behaviors at the flow rates of 10 ml/min and 30 ml/min
under the same temperature of 80 °C and the same current density of 1.0 A/cm?. The flow
rate is found to have no influence on the bubble generation rate in either microchannel or
micropore, with the bubble diameters of 63 pum at 0.001 s, 71 um at 0.004 s, 85 um at 0.006

s, and 101 pm at 0.009 s.

2.7 Summary

In this study, the rapid and micro-scale oxygen bubble dynamics and two-phase flow at the
anode side of PEMECs are visualized in-situ in a specific designed transparent PEMEC
coupled with a high-speed and micro-scale visualization system. The similar performance
between the transparent and conventional cells provides strong support for the assertion
that actual two-phase flow phenomena can be observed in the transparent cell. At channel
scales, several two-phase flow phenomena in microchannels, including bubbly, slug and
annular flow, have been observed. At pore scales, oxygen gas bubbles are emerged at the

rim of the LGDL pores and rapidly grow until detaching from the reaction sites. And then,
they coalesce with other micro bubbles or flow with liquid water in the microchannel. It is
found that the PEMEC temperature and current density enhance bubble growth rates and
increase the number of reaction sites, while its flow rate has limited effects. In addition, a
mathematical model has been developed to investigate the bubble growth behavior under

different operating conditions, and the modeling results are in good agreement with the
50



Figure 14. Sequence of photographs showing the bubble evolution at pore scale under
different flow rates: (A) to (D) 10 ml/min, (E) to (H) 30 ml/min, with the temperature

of 80 °C and the current density of 1.0 A/lcm?.
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experimental data. This research opens a new pathway for further study of the general
working mechanism and two-phase flow in PEMECs, thereby allows the creation of new

advanced designs and research methods.
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CHAPTER I
WETTABILITY EFFECTS OF THIN TITANIUM LIQUID/GAS
DIFFUSION LAYERS IN PROTON EXCHANGE MEMBRANE

ELECTROLYZER CELLS
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Yifan Li, Zhenye Kang, Xuanli Deng, Gaogiang Yang, Shule Yu, Jingke Mo, Derrick
A.Talley, G. Kane Jennings, and Feng-Yuan Zhang. "Wettability effects of thin titanium
liquid/gas  diffusion layers in proton exchange membrane electrolyzer
cells." Electrochimica Acta 298 (2019): 704-708.

I am fully responsible for the work submitted in these publications.

3.1 Abstract

Wettability of titanium thin/tunable liquid/gas diffusion layers (TT-LGDLs) may affect the
oxygen bubble dynamics and detachment process, and impact the performance (cell
voltage) in proton exchange membrane electrolyzer cells (PEMECS). In this study, a silane
monolayer is applied to tune the TT-LGDL wettability for the first time. The ultra-fast and
micro-scale oxygen gas bubble dynamics and the two-phase flow in the channel are studied
in situ for hydrophobically treated and hydrophilic titanium thin/tunable LGDLs (TT-
LGDLs) with a high-speed and micro-scale visualization system (HMVS). The HMVS
shows that the micro oxygen bubbles occur only along the CL/TT-LGDL interfaces at the
rim of pores on TT-LGDLs. Bubbles more easily coalescence to form a large one in
hydrophobic TT-LGDLs. Pore-scale analysis on the single bubble evolution process shows
that the detachment diameter and frequency of oxygen bubbles in the hydrophobic TT-
LGDLs are much larger than those in the hydrophilic TT-LGDLs. The PEMEC

performance with the hydrophobic and hydrophilic TT-LGDLs are very close under 2.0
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A/cm?, which means that the wettability has limited effect on TT-LGDLs mainly due to

their thin features and unique structures with straight pores.

3.2 Highlights

e Silane monolayers were applied onto TT-LGDLSs to alter their wettability.

e The TT-LGDL wettability can be tuned from hydrophilic to hydrophobic.

e Both the two-phase flow and bubble dynamics are in-situ visualized.

e The oxygen bubble detachment diameter is increased when the hydrophobic TT-
LGDLs are applied.

e The wettability has limited effects on PEMEC performance under 2.0 A/cm? and 80 °C.

3.3 Introduction

Efficient production of hydrogen can lead to the development of a “hydrogen society” with
close-to-zero emission of pollutants and limited environmental impact [1-6]. Proton
exchange membrane electrolyzer cells (PEMEC) have been considered as one of the most
promising energy storage/conversion devices for hydrogen production, especially when
coupled with intermittent sustainable energy resources, including solar, wind, tides, etc.,
due to the advantages of high purity products, quick response, high working current
density, and compact design [7-10]. Many researchers have focused on developing high-

efficiency, low-cost, and durable PEMECs based on the design of novel materials and
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structures and the study of two-phase flow and bubble dynamics in PEMECs, and the effect
of bubble dynamics on the performance is very attractive [11-16].

The typical PEMEC has a similar configuration of a PEM fuel cell (PEMFC), which
consists of a membrane electrode assembly (MEA) sandwiched by liquid/gas diffusion
layers (LGDLSs), bipolar plates (BPs), and end plates. LGDLs, which are located between
the catalyst layers (CLs) and BPs, have a porous structure and must meet certain
requirements. During operation, the water transported from the BP flow field to the CLs is
split into molecular oxygen, electrons, and protons at the anode side. Then, the produced
oxygen gas should be effectively removed from the surface of the CLs to avoid blocking
the water pathway. Electrons are transported from the CLs through the LGDLs and BPs to
the external circuit [17]. Thus, LGDLs should transport electrons, heat, and
reactants/products simultaneously with minimal losses [18-20]. In addition, the structures,
materials, and properties of the anode LGDLs have a great impact on PEMEC performance,
and efficient mass transport of liquid water and oxygen gas is critical for stable PEMEC
operation. Despite its importance, however, correlation between LGDL properties,
PEMEC performance, and the oxygen bubble dynamics has not been extensively studied.

Previous researchers have found that an optimum amount of coating by a hydrophobic
agent on GDLs, such as polytetrafluoroethylene (PTFE) or fluorinated ethylene propylene
(FEP), have important impacts on two-phase transport and PEMFC performance by
facilitating liquid water removal [21-30]. Zhang et al. in-situ visualized the liquid water

droplet formation, growth, and detachment on GDLs and catalyst layers, and revealed the
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liquid water removal mechanism in flow channels of PEMFCs [31-33]. Mortazavi et al.
have investigated the effects of PTFE in GDLs on water droplet growth and detachment in
the flow channels. They report that the droplet has a smaller detachment size from the GDL
surface with the more hydrophobic PTFE coating due to its effect on the capillary pressure
and surface roughness [34, 35]. Koresawa et al. developed a desired wettability distribution
GDL by applying the hydrophobic coating locally and leaving the other regions unchanged.
They found that the oxygen diffusivity with 10-20 wt% PTFE in the hydrophobic region
was increased three times compared to the GDLs with a homogeneous wettability [36].
Lim et al. investigated FEP hydrophobic polymer content in a carbon paper GDL on the
power performance of Ho/air PEMECs. The contact angle measurements indicate a similar
level of hydrophobicity among GDLs impregnated with different amounts of FEP ranging
from 10 to 40 wt% [37]. Litster et al. employed fluorescence microscopy with a novel
methodology to provide new insight into the dynamic behavior and distribution of liquid
water as it is transported through the gas diffusion layers in PEMECs. The experimental
observations led to the postulation of the primary mechanism for liquid water transport in
hydrophobic GDLs [38]. Pasaogullari et al. examined the governing physics of liquid water
transport in hydrophobic GDLs. They observed that capillary transport is the dominant
transport process to remove water from flooded GDLs [39]. Very few studies have
investigated the effects of GDL wettability in unitized regenerative fuel cells (URFCs) and
PEMEC:s. loroi et al. said that PTFE in hydrogen electrode GDLs has nearly no effect on

cell performance in both FC and EC modes, but the PTFE in oxygen electrode GDLs had
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a negative impact on URFC performance in EC mode and improved performance in FC
mode especially under fully wet working conditions [40]. But on the contrary, Hwang et
al. found that the PTFE coating has no effect on URFC performance under the EC mode.
They also said that the PTFE coating in titanium GDLs can improve the URFC
performance under both dry and wet conditions in FC mode, while it will negatively impact
the performance under mid-range humidity [41-43]. Kang et al. developed a novel
thin/tunable gas diffusion electrode, and achieved a very good performance. More
significantly, the Pt mass activity for hydrogen evolution reaction has also been greatly
increased [44].

The treatment of GDLs in PEMFCs have been fully investigated; however, research
focused on ultrathin LGDL hydrophobic treatment in PEMECs has never been reported.
The relations between the GDL wettability, gas bubble dynamics, and PEMEC
performance are still unknown. Therefore, thorough analysis is needed for better
understanding of how the wettability changes the bubble dynamics and impacts PEMEC
performance.

In this study, the Ti based thin/tunable LGDLs (TT-LGDLSs) are hydrophobically treated
by a monolayer film from n-octadecyltrichlorosilane in one simple step. Both the fresh TT-
LGDLs and the hydrophobic TT-LGDLs are characterized both in-situ and ex-situ. The
wettability of the two TT-LGDLs are measured by water contact angle. By taking
advantages of the in-house built high-speed and micro-scale visualization system (HMVYS),

novel TT-LGDLs and the transparent PEMECs, the oxygen bubble dynamics, and the two-
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phase flow phenomenon in an operating PEMEC are captured in-situ. The PEMEC
performance between the two TT-LGDLs is also tested, and the relation between the
performance and wettability is analyzed. The results obtained in this study point out the
direction for optimized LGDL wettability and the new method for investigation of the

bubble dynamics in PEMECs.

3.4 Experimental details

A TT-LGDL was used in this study, and was experimental measured with a microscope,
the thickness is 25 um, the porosity is 55%, a circular pore shape, and a pore diameter of
~300 um. In our previous studies, the TT-LGDLSs achieved excellent PEMEC performance
[20, 45-47] and their straight-through pores allow the in-situ visualization of oxygen bubble
dynamics. In order to hydrophobically treat the TT-LGDLS, the fresh sample was rinsed in
ethanol, and thoroughly dried, and then placed in a 1 mM solution of
octadecyltrichlorosilane in toluene for 1 h. The reason we selected this molecule is because
the trichlorosilane head group reacts well with many oxide surfaces, and the molecule has
a long chain for good stability and excellent hydrophobicity. The thickness of this film was
estimated to be about 2.5 nm, based on the structure of the monolayer, the number of
carbons and associated bond lengths [48, 49]. The surface roughness should be negligible
for the film itself, as n-alkyl trichlorosilanes are known to form dense monolayers on
titanium [50]. Figure 15 schematically shows the structure of the monolayer as prepared

from n-octadecyltrichlorosilane (CH3(CHz)17SiCls; C1gSiClz). As established by Mani et
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Figure 15. Schematic for the formation of a monolayer film from n-octadecyl

trichlorosilane onto titanium.

al., the principal binding of the molecule to the oxide surface of titanium is through Si-O-
Ti bonds with minimal Si-O-Si cross-linking, leading to a densely packed hydrocarbon
film.

The specific, designed transparent cell, as shown in Figure 16, was used to test the
PEMEC performance and to perform visualization of micro bubble dynamics and two-
phase transport. Different from the typical PEMECs, the anode transparent PEMEC as
shown in the red box, has an end plate with a window on the center, a transparent plate, a
current distributor with flow channels, and TT-LGDLs, which help to allow optical access
to the CL surface. The transparent plate with flow ports and in-flow channels is used to

transport reactants from the cell inlet to the flow channels, and products from the flow
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channels to the outlet of the cell. The current distributor is a 500 mm thick titanium plate
with chemically etched parallel micro flow channels of 1 mm in channel width that
penetrated the entire thickness. TT-LGDLs with a thickness of only 25 um are used. Since
the oxygen bubble dynamics occur at the micro-scale at a super high-speed, the phenomena
cannot be effectively captured by the normal microscopes or cameras. Therefore, besides
the transparent cell and TT-LGDLs, the HMVS with a long-working distance is another
critical part of the whole system. The HMVS consists of a high-speed camera (Phantom
V711) coupled with an in-house built optical lens system featured by its long working
distance (> 70 mm) and a high resolution (< 5 pm). The movie is captured under a frame
rate of 3000 fps (frame per second), and the bubble detachment time within TT-LGDL
were calculated based on the frame rate.

Commercial CCM (Nafion 115 Electrolyzer CCM from FuelCellsEtc with 3.0 mg/cm?
IrRuOx at anode and 3.0 mg/cm? PtB at cathode) is employed, and the active area of the
CCM is 5 cm?. Carbon paper (Toray 090 from FuelCellStore) with a 280 pum thickness and
78% porosity is used as a cathode LGDL. Graphite plates with a parallel flow channel are
used as cathode BP. The transparent cell is connected to the Potentiostat SP-300 (Bio-
Logic) system that was equipped with a 10 A/5 V booster. A liquid pump (KNF Neuberger)
is used to circulate deionized water at a flow rate of 20 mL/min to the anode.

The sessile drop method is used to measure the contact angle. The measured TT-LGDLs
are placed on the top of a plastic substrate and a 2 pL droplet of distilled water is dropped

from the tip to the surface of the TT-LGDLs, including the fresh and hydrophobic TT-
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LGDLs. The image of the droplet is collected and the contact angle is measured in this
image by the software. Three measurements at different spots are obtained for each sample

and an average is calculated and reported as the contact angle.

3.5 Results and discussion

The treated TT-LGDL has a much higher contact angle (127°) than the untreated one (86°)
due to the presence of the dense, low-energy methyl-terminated monolayer that effectively
screens the interaction between water and titanium, as shown in Figure 17. These results
show that the monolayer treatment can significantly change the wettability of the TT-
LGDLs. As a control, we also prepared silane monolayers on non-porous titanium foils.
As with the LGDLs, the presence of the monolayer increases the water contact angle—in
this case, from 68° to 110°. The value of 110° is consistent with that of a smooth and dense
methyl surface and is similar to the values reported by Mani et al. for silane monolayers on
titanium. The water contact angles on the LGDL are elevated from those on the Ti foil due
to the imparted roughness of the LGDL, which may stabilize air under the water drop and
at the three-phase contact line.

Both the hydrophobic and hydrophilic TT-LGDLs were evaluated in the transparent
PEMEC at 80 °C. Because the transparent plate is made of plastic and the current distributor
is relative thin, which may cause a non-uniform pressure distribution along the surface and

thus a larger ohmic loss than that of the conventional PEMECs. The EIS result at 0.1A/cm?
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Figure 17. Contact angle measurements for (top) treated and untreated TT LGDLs

and (bottom) treated and untreated Ti foil.
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give the high frequency resistance (HFR) values for the treated TT-LGDL is 0.24
ohm*cm?, and 0.22 ohm*cm? for the non-treated one. The result shows that the SAM can
lead to a slightly increased HFR (the larger ohmic loss). However, the difference is small,
and can be neglected. The performance of the PEMECs is characterized by the IR-free
voltage, which is derived based on polarization curves and high frequency resistance
(HFR), as shown in Figure 18. The lower voltage at a given current density indicates better
PEMEC performance. As is shown in Figure 18, the performance of the hydrophobic TT-
LGDLs is a little bit worse than the hydrophilic one. At the low current density range (<
0.1 A/cm?), the polarization curves are mainly due to the open circuit voltage (OCV) and
activation overpotential. From Figure 18, the hydrophobic and the hydrophilic TT-LGDLSs
have a similar voltage, which means the wettability of the TT-LGDLs has no impact on
activation loss. At 2.0 A/cm?, the required cell voltage increased from 1.620 V for the
hydrophilic TT-LGDLSs to about 1.624 V for the hydrophobic TT-LGDLSs which indicates
that the wettability of the TT-LGDLs has very limited impact on PEMEC performance.
With a 2.5 nm thickness, it can be assumed that the monolayer film will not affect the
electrical conductivity of the TT-LGDLs as long as the temperature is in a range from 20
°C to 80 °C, and also the electrical contact resistance between TT-LGDLs/CLs and TT-
LGDLs/BPs [18, 51]. In addition, the monolayer does not change the pore morphologies
of the TT-LGDLs, which will not influence the activation loss. The monolayer on TT-
LGDLs will only change the wettability of the Ti TT-LGDLs from 86 ° to 127 °, which

may have some effects on transport loss in the PEMEC. Therefore, the influence of the
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Figure 18. The polarization curves of the hydrophobic and hydrophilic TT-LGDLs.
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monolayer on bubble dynamics, and two-phase transport will be investigated.

Figure 19 shows the two-phase flow phenomena comparison at channel-scale, Figures
19(A) and (B) are bubble dynamics at 0.2 A/cm?, 80°C, Figures 19(C) and (D) are bubble
dynamics at 1.4 A/lcm?, 80°C. It can be found that the most oxygen bubbles in the channel
with the hydrophobic TT-LGDLs are much larger (as shown in Figure 19(A) and 19(C))
than the bubble sizes with the hydrophilic TT-LGDLs (as shown in Figure 19(B) and
19(D)). After the bubble detachment, some bubbles will collide and then merge with each
other to form a large bubble. Under the same operating conditions, the larger bubbles with
higher surface area and large volume have higher probability to merge with other bubbles;
therefore, the hydrophobic TT-LGDLs with larger detached oxygen bubbles can lead to
larger bubble sizes within the flow channel than those observed for the hydrophilic TT-
LGDLs. These phenomena are very common in the whole channel in the PEMECs.

Figure 20 shows a sequence of images of pore-scale bubble generation and movement,
with photographs of an oxygen gas bubble appearance, growth, and finally, detachment.
The bubble dynamics are different for different locations, due to the different force balance
in the water flow. Therefore, the oxygen bubbles we chose with the two different TT-
LGDLs are nearly at the same location in the cell and pore. Figure 20 (A) to (D) and (E) to
(H) show the oxygen bubble generation and growth with hydrophilic and hydrophobic TT-
LGDLs at 0.2 A/cm? and 80°C, respectively. Figure 6 shows that the oxygen bubbles only
generate at the rim of the TT-LGDL pores, which is the same phenomena as compared to

our previous research and can be attributed to the large in-plane electrical resistance of
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Figure 19. The visualization results at channel scale: (A) hydrophobic TT-LGDLs and
(B) hydrophilic TT-LGDLs at 0.2 A/cm? and 80°; (C) hydrophobic TT-LGDLs and

(D) hydrophilic TT-LGDLs at 1.4 A/cm? and 80°C.
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Figure 20. The visualization results of pore scale (A) to (D) hydrophobic TT-LGDLs

and (E) to (H) hydrophilic TT-LGDLs at 0.2 A/lcm? and 80°C.
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the CLs [52]. The oxygen bubble will appear at the rim of the pore, then it will grow and
detach within a couple of milliseconds. Figure 20 (C) and (G) show the bubble detachment
from the surface of the two TT-LGDLs. The bubble detachment diameter for the
hydrophilic TT-LGDLs (about 57 pum) is smaller than the hydrophobic one (about 84 pum).
Also, the bubble detachment time for the hydrophilic TT-LGDLs (about 0.0057 s) is shorter
than the hydrophobic one (about 0.0101 s). The reason is that bubbles are prone to attach
on the hydrophobic surface of the treated TT-LGDL (contact angle> 90°), and easily to
detach from a hydrophilic TT-LGDL (contact angle< 90°). Moreover, this successive
bubble behavior occurs in a repetitive manner at the same points. Considering the PEMEC
performance shown in Figure 18, we conclude that the hydrophobic treatment on TT-
LGDLs has a negative impact on bubble detachment, which could increase the transport
loss in the PEMEC, but this result has limited effect on PEMEC performance under 2.0
Al/cm?, Because the advantages of the TT-LGDLs, such as planar surfaces, straight-through
pores, and small thickness, the transport losses will be limited. Although the monolayer
film will increase the bubble detachment diameter and bubble size in the channels, the
increase of transport loss due to these reasons is very small compared with the total loss in
the PEMEC. Considering that the monolayer film has no effect on ohmic and activation
losses, it will not have significant influence on PEMEC performance, especially under 2.0
Alcm?. We expect that the performance of the hydrophobic TT-LGDLs will be degraded
under much higher current densities due to the large bubble detachment, which may cause

additional two-phase transport losses in a PEMEC.
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3.6 Conclusions

In this study, the hydrophilic titanium TT-LGDLs are treated by a silane monolayer to
change their wettabilities for the first time. The micro-scale and ultra-fast oxygen bubble
dynamics are in-situ visualized in a novel designed transparent PEMEC with a HMVS. The
results show that the oxygen bubble detachment diameter and frequency of the
hydrophobic TT-LGDLs are much larger than ones with the hydrophilic TT-LGDLs, and
the bubble size in the channel scale with the hydrophobic TT-LGDLs is much larger than
the one with the hydrophilic TT-LGDLs as well. The PEMEC performance with the
hydrophobic and hydrophilic TT-LGDLs are very close. The advantages of the TT-LGDLs,
such as planar surface, straight-through pores, and small thickness result in very limited
difference of the transport losses between the hydrophobic and hydrophilic TT-LGDLs.
The increase of the transport loss due to these reasons is very small compared with the total
loss in the PEMEC, especially under 2.0 A/cm?. We expect that the performance of the
hydrophobic TT-LGDLs will be degraded under much higher current densities, due to the
large bubble detachment which may cause additional two-phase transport losses in a

PEMEC.
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CHAPTER IV

DIRECT THERMAL VISUALIZATION OF MICRO-SCALE
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4.1 Abstract

This study investigates the correlation between the temperature variance and hydrogen
evolution reaction (HER) on the cathode side of a proton exchange membrane electrolyzer
cell (PEMEC). A series of in-situ experiments are conducted with the help of a novel
PEMEC design, thermal spectroscopy and a high-speed visualization system. At channel-
scale, the temperature increases rapidly from room temperature (19 °C) to the equilibrium
state (27 °C), with an operating current density of 0.5 A/cm?. The temperature distribution
is non-uniform throughout the process. A series of pore-scale analyses are carried out to
clarify the relationship between temperature distribution and electrochemical reaction area.
Interestingly, the areas of rapid heat generation are found to be in good agreement with the
areas pf electrochemical reaction, which confirms that heat is released during the reaction
processe. Finally, the temperature evolution phenomena on the liquid gas diffusion layer
(LGDL) surface have also been recorded. These findings can aid understanding of the

correlation between cathode side electrochemical reaction and heat generation.
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4.2 Highlights

e A novel PEMEC for direct thermal investigation is developed.

e Thermal dynamics of hydrogen evolution reactions are in-situ visualized.

e Temperature distribution is not uniform in the cathode side channel.

e Electrochemical reactions are visualized and showed a good coincident with the
thermal results.

e Temperature increase phenomena on the LGDL are captured.

4.3 Introduction

Hydrogen is regarded as an environmentally friendly source of energy, and has attracted
interest in the search for a sustainable society [1-5]. Water electrolysis is considered a
relatively safe method for hydrogen and oxygen production with high purity, and in
particular, it has been extensively researched and applied to many areas, including the
aerospace sector, the military, and industry [6-9]. Proton Exchange Membrane Electrolyzer
Cells (PEMECs) are one of the most effective ways to electrolyze water while minimizing
environmental damage [10, 11]. They can also be widely used in large-scale applications.
Compared with alkaline electrolyzer cells (AECs), PEMECs have the potential for higher
performance and shorter startup time [12]. In general, the working principle of a PEMEC

can be regarded as the reverse of that of a fuel cell [13]. When a PEMEC is operating,
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deionized water (DI water) continuously transports to the anode side. When the water
reaches the interface between the well-tunable liquid/gas diffusion layer (LGDL) and the
catalyst layer, it react with the help of the catalyst and is split into oxygen, protons, and
electrons. The electrons and oxygen are transferred out of the cell, the protons are
transferred from the anode side to the cathode side, and the electrons (from the outside)
immediately combine with the protons to form hydrogen, thereby releasing heat [14].
Hydrogen will subsequently transfer out of the cell. Previous research has explored several
ways to better understand the mechanism of PEMECs. Those researches are mainly
focused on the two-phase flow and bubble dynamics during the electrochemical reaction
in order to achieve higher efficiency and lower costs [15-20]. The electrochemical reactions
on the cathode side and the thermal effect of PEMECs are the main objectives of this study.

The overall reactions with the enthalpies of a PEMEC can be represented by Equation (1)

[21]:

Electricity Heat

Catalyst
2H,0 + 237.2 k] mol~* + 48.6 k] mol X —— 2H, + 0, Q)

The maximum electrical work of the cell is 237.23 kJ/mol. The net heat absorption is 48.6
kJ/mol.

Thermal dynamics are the key issues in PEMEC design, and the underlying heat and
mass transport processes are coupled [22, 23]. More importantly, thermal and
electrochemical reactions in a PEMEC are closely interlinked, and cell performance cannot
be studied without considering heat transfer and bubble dynamics. Thus, many studies have

investigated temperature distribution within a proton exchange membrane fuel cell
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(PEMFC). For example, Dutta et al. built a mathematical model to simulate heat transfer
and water phase change in a PEM fuel cell [24]. The results showed that the temperature
rise inside the model could have a great impact on the performance of a fuel cell. Wilkinson
et al. found that the local temperature in a PEMFC at certain operating conditions
demonstrated good agreement with the values of local current densities [25].

Many researchers have also focused on the temperature distribution on the anode side,
bubble generation, and water transport in a PEMEC. For example, Mo et al. investigated
bubble generation in a PEMEC and found that bubbles are generated only at the edge of a
pore on the titanium thin-LGDL (TT-LGDL) [26, 27]. Bubble generation also occurred
exclusively at the triple phase boundary (a place with electrons, catalysts, pathways for
products or reactants, and proton carriers). Furthermore, Ito et al. visualized and
investigated the bubble detachment diameter and detachment frequency at different
working conditions, they found the operating flow rate and pressure could cause a
significant impact on the detachment frequency, but a small impact on the detachment
diameter [28].

Other studies have examined the heat transfer problem in other applications [29-38].
However, they were mainly focused on the temperature distribution and heat generation in
a fuel cell or bubble and flow dynamics in an electrolyzer cell. Thus, the temperature
distribution and water accumulation on the cathode side of a PEMEC have not been

thoroughly studied and are not fully understood. A comprehensive analysis should be
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conducted in order to ascertain the changes in temperature, two-phase flow, and bubble
dynamics on the cathode side active area.

In this paper, a new method was proposed to investigate the cathode side of a PEMEC
with the support of two different high-speed and micro-scale visualization systems
(HMVSs). A comprehensive visualization experiment was conducted by using a thermal
imaging camera and a high-speed visualization system. The variations in temperature and
the hydrogen gas bubble generation on the cathode side of a PEMEC were captured. It was
demonstrated that temperature distribution is not uniform throughout the whole surface of
the catalyst layer on the cathode side. Furthermore, the variation in temperature at the pore
scale was captured for the first time. A correlation was identified between the
electrochemical reaction and the temperature distribution. It was found that the
electrochemical reaction occurring at the cathode side causes the temperature to rise in a
certain place (this place can be used to distinguish between the reaction and non-reaction
areas). Finally, these findings could serve as a foundation for the further examination of

the electrochemical reaction, and provide a new method that can be used in future studies.

4.4 Experimental details

For the test cell (Fig. 21), the two end plates were made from commercial aluminum with
an observation window opened in the cathode side end plate. The current distributor on the
cathode side was made of Titanium (Ti) with 10 parallel flow channels, and worked as a

bipolar plate to transfer electrons and heat. The well-tunable LGDL on the cathode side
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Anode current Cathode end plate
distributor Carbon paper Cathode LGDL with observation

window

Anode end plate Bipolar plate ~ Catalyst-coated Cathode current
membrane distributor with
flow channels

Figure 21. Schematic of the specific PEMEC for cathode side thermal and bubble

analysis.
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was also made of Ti, which serves as an electron conductor with little resistance. The anode
LGDL was Toray 090 carbon paper. A commercial catalystcoated membrane (CCM) was
made from Nafion 115 (EZ-CCM; FuelCellsEtc) with a thickness of 125 um. The catalyst
was 3.0 mg/cm? IrRuOx on the anode side, and 3.0 mg/cm? Pt black on the cathode side.
The active area of the CCM was 5 cm?. The PEMEC was connected with a Potentiostat
station (Biologic SP-300) with electrochemical analysis software from Bio-Logic, which
provided a current range of up to 10 A, and a voltage range of up to 5V, in order to test
performance. The input current density was 0.5 A/cm? and was controlled by the EC-Lab
platform. The diameter of each pore on the LGDL was 300 pum, and the LGDL and catalyst
layer were directly visualized by a visualization system. A water pump provided a flow
rate of 10 mL/min.

The FLIR SC6700 longwave infrared camera is a high-speed thermal imaging camera
that measures the radiant thermal energy distribution (heat) emitted from an object’s
surface [39, 40]. For the experiment, the distance between the lens and the experimental
target was 0.2 m, and the frame rate was 123 fps. The working temperature applied was
room temperature (19 °C), the working pressure was atmospheric pressure and the
transmissivity of the lens was assumed to be 1.0.

Furthermore, a High-speed, Micro-scale Visualization System (HMVS) was introduced
to capture the generation of hydrogen bubbles on the cathode side. This system includes
two components: first, a high-speed Phantom v711 camera that can operate at 1,400,000

fps (the fastest speed with a reduced resolution); second, a long-distance microscope
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system that includes a micro-scale lens assembly and a zoom lens body that can provide a
long working distance (> 70 mm). The recording frame rate in this study was 3000 fps, at
a resolution of 1280 x 800, which is sufficient to see the microscale bubbles. Prior to
testing, channels on the cathode side were sprayed and filled with DI water, with no water
movement. During the test, water was circulated on the anode side, while on the cathode
side, the hydrogen bubbles generation phenomena was observed on the CCM, and captured

by the HMVS.

4.5 Results and discussion

In this study, thermal and fluid dynamic analyses on the cathode side were conducted in a
PEMEC with an active area of 5.0 cm?. The calibration of the system, including measuring
the working temperature and humidity, the reflected temperature, and adjusting the input
emissivity was important. The accuracy of the emissivity has been regarded as a very
important factor in this study, as emissivity can greatly influence the measured temperature
values.

In general, the change in the temperature distribution of a PEMEC depends on the
evolution of the hydrogen/oxygen reaction occurring at the cathode/anode, as well as the
kinetics during the charge transfer. This study focused on the temperature variance and the
hydrogen evolution reaction (HER) on the cathode side. During the operation, heat can be
generated due to entropy changes and ohmic resistance, thereby leading to a temperature

increase in the cathode [41]. In order to further understand this process, an experiment was
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conducted to find the emissivity of the catalyst layer and the well-tunable LGDL. The
experimental setup consisted of a Ti thin film LGDL and a CCM. Accurate emissivity
values were obtained by performing the following steps: first, a piece of aluminum foil was
crumpled, and placed in front of the target. Then, a picture was taken using the thermal
camera, and the emissivity was set to 1. The reflected temperature was the temperature of
the aluminum foil. Finally, the emissivity was determined using FLIR ResearchIR software
so that the target temperature in the camera matched that of the room temperature (19 °C).
The emissivity of Ti and Pt black were found to be approximately 0.91 and 0.19,
respectively.

The surface of the CCM at pore scale was measured at two different temperatures, in
order to evaluate the accuracy of the camera/detector and the calibration. The surface
temperature at 19 °C is shown in Fig. 22A, which shows a constant temperature across the

whole surface.

50 pm

Figure 22. Photographs showing the surface temperature at (A) 19 °C, and (B) 30 °C.
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When the cell was heated to 30 °C. As shown in Fig. 22B, the surface temperature
captured by the thermal camera was also 30 °C. Therefore, it demonstrates that the thermal
camera was able to accurately capture the temperature values and range in the videos and
figures.

Preliminary experiments were conducted in the channel scale of a PEMEC to capture
the variation in the temperature distribution on the cathode side. Although there were a
total of 10 channels in the cell, only five channels were selected for this study due to the
resolution limit (640 x 512) of the thermal camera. Figs. 23A-J show a sequence of time-

progressing snapshot images of the variation in temperature distribution in the channel

rm t’a“}{}{}(}(}(ﬂ tc W"! p‘m w

Figure 23. Sequence of photographs showing the evolution of temperature

distribution at channel scale.
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scale experiments, with an initial surface temperature of 19 °C. The temperature increased
rapidly from 19 °C at 0 s to approximately 24.5 °C at 1.5 s for most pores. The rate of the
temperature increase diminished after 1.5 s, until the distribution of the surface temperature
became stable at 2.5 s, with an overall peak temperature of 27 °C. The net heat transfer rate
was equal to 0 after 2.5 s, at which point the temperature distribution in the entire channel
reached equilibrium (which is defined as a balanced state between heat generation and heat
removal). The color difference between the catalyst layer and the LGDL can be attributed
to the difference in emissivity.

An interesting phenomenon occurred during this process: the temperature varied from
place to place throughout the channel. As shown in Fig. 23, the pores in channel #1 (at the
top of the photograph) demonstrated relatively higher temperatures than other pores in each
snapshot. In addition, several pores in the middle of channels #4 and #5 (at the bottom of
the photograph) had higher temperatures than the other pores. Previous research has
indicated that temperature distribution on the anode side heavily relies on the kinetics of
the electrochemical reactions and charge transfer [41]. The bubble generation rate and site
are different for different active areas. Some areas have more active electrochemical
reactions than others [42]. Thus, the non-uniform temperature distribution in different
pores can be attributed to electrochemical reactions.

Moreover, a rapid temperature increase from 22 to 27 °C in the middle of each pore was
observed and was replicated in each test. This phenomenon can be attributed to the ohmic

loss and electrochemical reaction that occurred on the cathode side, where protons
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combined with electrons from the external circuit and catalyst to produce hydrogen gas.
The cathode side electrochemical reaction was expected to release heat energy (exothermic
process) [43-45]. Thereby causing the temperature to rise on the surface until it reached a
certain peak value (27 °C), and finally became stable. Therefore, it was important to
monitor multiple pores to investigate the relationship between the electrochemical reaction
and the variation in temperature distribution.

In order to further investigate the reasons for the variation in temperature distribution
across a channel, a series of pore scale experiments were conducted to visualize the
temperature distribution across a single pore. Several pores were selected because the
phenomena in those pores most commonly occurred in the channel. Fig. 24 shows the
started to gradually increase on the right side of the pore, from about 19 °C at 0 s to 22.5
°C at 1.0 s. The average temperature increase rate was 3.5 °C/s from 0 to 1.0 s. The
temperature continued to rise over the pore, and finally reached equilibrium state over the
full surface of the catalyst layer at approximately 24 °C (at 2.5 s), with the rate of
temperature increase changing from 3.5to0 1.0 °C/s, and then continuously decreasing until
reaching the equilibrium state with no more temperature change.

For comparison, experiments were conducted for other pores at the same conditions. Fig.
25 shows the temperature distribution in three different pores at 0.7 s, and it was seen that
the temperature profiles on the catalyst layer were different for different cases. The rise in

temperature within the two pores shown in Fig. 25A and 25B was small, in the range of
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Figure 24. Sequence of photographs showing the evolution of temperature

distribution at pore scale.
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Figure 25. Temperature distribution for three different pores at 0.7 s.

19 to 22 °C. As such, the variation in temperature in a single pore was difficult to
distinguish in the channel scale by using the thermal camera. Fig. 25C also shows the
temperature distribution at 0.7 s. However, the temperature in this case was found to
increase by a slightly higher margin (19 °C to 24 °C), with a more uniform temperature
distribution. These findings indicate that the variation in temperature distribution is not
uniform, even at the pore scale level.

Four channels (36 pores) were examined more closely to understand the relationship
between temperature distribution and hydrogen gas bubble generation. Fig. 26A shows
channels #1 and #2, and Fig. 26B shows channels #4 and #5. All images were captured at
2.5 s. As shown within the black ovals, the areas with the highest temperature (26 °C) were
situated on the top portion of the channel in Fig. 26A, and on the top right corner of the
channel in Fig. 26B. The generation of hydrogen gas bubbles in the four channels was also
captured with a high-speed camera (Fig. 261 and 2611). More bubbles were generated on
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Figure 26. Comparison between heat generation (A) and (B) and hydrogen gas bubble
generation (I) and I1) in the channel scale experiments. (A) and (1) show channels #1

and #2. (B) and (1) show channels #5 and #6.
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the top portion of the channel than on the bottom portion, which indicates a reasonable
correlation with temperature distribution. This result suggests a positive correlation
between temperature and electrochemical reaction, whereby a higher temperature would
indicate a stronger electrochemical reaction.

Subsequently, a series of pore scale analyses of temperature distribution and hydrogen
gas production on the cathode side were conducted in order to establish the relationship
between the two phenomena. As shown in Figs 27A-27D, the temperature increased
rapidly from approximately 19 to 23 °C, with an average rate of temperature increase of
4.4 °C/s on average on the CCM within 0.90 s. The rate of temperature increase was
maintained at 10 °C/s from 0.0 st0 0.3 s.

Thereafter, the rate gradually diminished to 3.3 °C/s until reached equilibrium at 0.90 s.
Bubble generation reactions are shown in Figs 271 to 271V. The recording frame rate for
the hydrogen bubble generation test was 3,000 fps. Hydrogen gas bubbles were initially
generated at the bottom of the pore, and, subsequently, the diameter of the bubbles
gradually increased with an average bubble growth rate of 77 um/s (Figs 2711 to 271V).

The images show that bubble generation sites (active sites) were at the bottom of the
pore, which is consistent with the temperature increase area (i.e., the bottom side of the
pore). It is assumed that the heat generated at these sites came directly from the
electrochemical reaction, and, consequently, the temperature rose on the bottom portion of
the pore. The heat generated gradually transferred to other areas on the pore surface,

whereas the reaction sites remained in the same places. Finally, this phenomenon has been
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Figure 27. Comparison between heat generation and hydrogen gas bubble generation
in the pore scale experiments. (A) to (D) illustrate variation in temperature and (1) to

(1V) demonstrate bubble generation.

found to be replicable in most of the pores.

The results shown in Fig. 27 demonstrate that hydrogen gas bubble generation sites (or
electrochemical reaction sites) were consistent with heat generation sites for most pores.
The electrochemical reaction and heat generation process were observed to occur
simultaneously at the same sites with positive correlation. Thus, the slower the
electrochemical reaction, the lower the temperature.

In order to further demonstrate and investigate the temperature increase phenomenon at

the cathode side, additional investigations of the LGDL were conducted at the same
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working conditions, with an input emissivity of 0.19 (based on the calibration method
mentioned previously). As shown in Fig. 28, the white areas represent the CCM, and the
yellow areas represent the LGDL. A comparison with the true temperature (19 °C) revealed
that the temperature at some areas on the LGDL was not captured accurately with an input
emissivity of 0.19. The temperature difference on the LGDL can be attributed to the
different surface morphologies. However, this investigation was mainly concerned with
detecting qualitative changes and the increasing trend in temperature value, and it was
possible to accurately identify this trend. The temperature increased rapidly over the whole
period, the rate of temperature increase was approximately 3.33 °C/s from 0.0 to 1.5 s.
Thereafter, the rate of temperature increase gradually diminished until 2.5 s with a
maximum temperature of 27 °C. The temperature reached the equilibrium state after 2.5 s.
This phenomenon indicates a close correlation with the temperature increase on the CCM.
At first, the CCM and the LGDL were both at the same temperature. However, when the
cell began to operate, heat was generated due the electrochemical reaction and ohmic
resistance. As such, the heat gradually transferred to the surrounding LGDL. The
temperature on the LGDL was observed to increase and eventually reach an equilibrium
state. It is believed that the temperature increase on the LGDL is directly related to the

ohmic resistance and heat transferred from the CCM.

4.6 Conclusions

In the present study, a specific PEMEC was developed to visualize hydrogen gas bubble

generation, and temperature variance in the cathode channels. It was observed that the
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Figure 28. Sequence of photographs showing the evolution of temperature

distribution on the LGDL.
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temperature field in the entire channel was not uniform; some pores had a relatively higher
temperature than the others. The temperature gradually increased until it reached the
equilibrium state. During this process, the areas with the highest temperature in the
channels were consistent with the highest hydrogen bubble generation rate areas, which
means that heat release occurred due to an active electrochemical reaction. A series of pore
scale temperature distribution change phenomena have also been visualized; the results
show that the temperature change phenomena vary in different pores. The reason can be
attributed to the electrochemical reaction occurred in different pores. More importantly,
the temperature increase areas are consistent with the bubble generation areas, and this
phenomenon has been found to be replicable in other pores.

Finally, investigations on the LGDL surface shown that the temperature on the LGDL
also increased rapidly with respect to time. The reason can be attributed to the ohmic loss
and heat transferred from the CCM. These findings could help better understand the
correlation between the cathode side electrochemical reaction and heat generation, in order

to provide a basis for future research, both in terms of modeling and experiment.
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Supplementary results

The water will diffused from the anode side to the cathode side during the operation. It is

necessary for us to investigate the calibration issue with and without water. As shown in

50 pm

No water With water

Figure 29. Investigation of the water impact on the surface temperature. (A) no water

(B) with water.

Fig. 29, we investigated the impact of water on the thermal images. In Fig. 29A, the surface
was maintained at room temperature of 19 °C. Then, we covered the surface with DI water
(Fig. 29B), the surface temperature in the image has almost no change. This result suggests
the water has only a little impact on the captured thermal images. Thus, the emissivity don’t
need to further calibrate during the cell operation.

The electrochemical response curve was obtained by applying a constant current density

for 570 s. From Figure 30, the curve shows the voltage was maintained at around 1.57 V.
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A comparison between heat generation and hydrogen bubble generation was obtained
during this measurement.

Fig. 31 shows the change of temperature with respect to time. The results demonstrated
that the temperature started to gradually increase from 19 °C to 22.5 °C at 1.0 s. The rate
of the temperature decrease after 1.0 s. The temperature rise on the cathode side can be
attributed to the interfacial contact resistance and the resistance of protons transporting
through the membrane (ohmic loss). It can also be attributed to the cathode electrochemical
reaction, where protons combined with electrons from the external circuit and catalyst to
produce hydrogen gas. The change in internal energy for the process of uniting protons and
electrons (and thereby minimizing repulsions) is negative. The bond formation reaction is
also a heat release process. Therefore, the cathode side electrochemical reaction is expected

to release heat energy (exothermic process).
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CHAPTER V

IN-SITU INVESTIGATION AND MODELING OF

ELECTROCHEMICAL REACTIONS WITH SIMULTANEOUS

OXYGEN AND HYDROGEN MICROBUBBLE EVOLUTIONS IN

WATER ELECTROLYSIS
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A version of this chapter was originally published by Yifan Li:

Yifan Li, Gaogiang Yang, Shule Yu, Zhenye Kang, Jingke Mo, Bo Han, Derrick A.
Talley, Feng-Yuan Zhang. "In-situ investigation and modeling of electrochemical reactions
with simultaneous oxygen and hydrogen microbubble evolutions in water electrolysis."
Journal of hydrogen energy.

I am fully responsible for the work submitted in these publications.

5.1 Abstract

The development of water electrolyzer is challenging as we approach theoretical limits
arising from electrochemical reactions and micro-scale bubble dynamics. In this research,
two-phase flow and bubble dynamics are in-situ studied in a special designed single-
channel electrolyzer. The devices printed by a 3D printer provide a whole vision of the
electrochemical reaction within the channel. In-situ observations of channel-scale
hydrogen and oxygen micro-bubbles dynamics are conducted, the whole process of
hydrogen evolution reactions (HERs) and oxygen evolution reactions (OERS) are
simultaneously studied. The results indicate that the operating conditions have a great
impact on the bubble evolution process, the bubble detachment diameter is inversely
proportional to the flow velocity, but is in direct proportion to the current density. In
addition, hydrogen bubbles are more and smaller than the oxygen bubbles. All bubbles are
found to generate at the edge of the Pt wires. Finally, a mathematic model has been built,

and shows a good agreement with experimental data. Those results could help to better
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understand the bubble evolution mechanism, in order to further understand the

electrochemical reaction.

5.2 Graphical abstract
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Electrochemical reaction in the channel
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5.3 Highlights

e A novel channel is developed to study electrochemical processes in electrolyzer.
e Microscale hydrogen/oxygen evolution reactions are visualized simultaneously.
e Oxygen bubble detachment diameter is larger than that of hydrogen bubble.

e A model shows a good agreement with experimental results.

5.4 Introduction

Hydrogen is a clean gas that has been used for many years to convert energy without any
environmental damage, especially in some places that cannot use fossil fuel. The
electrolysis of water, one of the most efficient ways to produce oxygen and hydrogen, has
been extensively researched to enhance the operating performance [1-3]. Bubble formation
in the electrolysis of water has been commonly observed on anode and cathode side, and
this process has also attracted a lot of attention around the world [4, 5]. However, the
complexity of gas generation process causes many difficulties for fully understanding the
general mechanism of the electrolysis of water. Similar to PEM fuel cells (PEMFCs),
microscale bubble/droplet evolution on the reaction sites, multiscale transport through
porous media, and dynamic two-phase flow greatly impacts their performance [6].
Numerous researchers studied the micro droplet and bubble dynamics for various
applications [7-12]. Andrea et al. investigated the gas evolution process from bubbly flow

to plug flow. They also found the lower flow velocity favored the coalescence between
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CO: bubbles, allowing the generation of slug flow in the channel and eventually
temporarily blocking the flow channel [13]. Prasad et al. investigated several important
features on bubble characteristics with reference to its formation and transport near the
electrode surface [14]. Their findings are useful in improving the methods of identifying
several processes in which electrolysis-induced bubbles are produced. Li et al. investigated
the growth of oxygen bubbles during the process of water electrolysis, they found the
bubble growth process can be significantly impacted by different temperatures and
different current densities [15]. They also investigated the bubble detachment process
under different surface (hydrophilic and hydrophobic surface), and found the impact of
wettability on the bubble dynamics is limited when the current density is low [16]. Mo et
al. developed a transparent proton exchange membrane electrolyzer cell (PEMEC) and
studied the electrochemical reactions and the position of the generation of microbubbles in
a PEMEC, and they found that the bubbles are mainly generated at the edge of pores of
liquid gas diffusion layers (LGDLs) [17-20]. Masato et al. investigated the transient
behavior of both hydrogen and oxygen bubble formation in a water electrolysis cell [21].
Ito et al. investigated the detachment diameter of hydrogen bubbles under different cathode
pressures and flow velocities [22]. They observed that the hydrogen bubbles were more
easily detached at high flow velocities and low pressures. Ghasemi et al. studied multiphase
transport in channels and porous media, and further investigated the micro-scale two-phase
flow and built a volume of fluid simulation in investigating the two-phase flow dynamics

[23]. Davis et al. used HSV (high speed video) to investigate the behavior of
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electrochemically generated oxygen and hydrogen bubbles in a membraneless electrolyzer
to research the local void fraction and gas evolution efficiency, they found the gas evolution
efficiency was enhanced with pre-saturated hydrogen gas [24]. Berejnov et al. investigated
the two-phase flow patterns, and used both experimental and modeling method to research
the liquid water transport in porous electrodes, they found the local saturation in the
channel decreased along with the flow [25]. Jouhara et al. used a CFD model to investigate
the bubble dynamics and two-phase flow phenomena in a pipe, they found the multiphase
flow phenomena can be reproduced in different kinds of fluids [26].

Despite the concerted effort within the field of research, there are still significant
challenges in deciphering the steps of the bubble evolution process. The bubble evolution
speed is ultrafast and in micro scale, especially at high current density and high flow
velocity. It is difficult to capture the whole bubble evolution process without high-speed
and microscale visualization system (HMVS). In addition, the HER (hydrogen evolution
reactions) and OER (oxygen evolution reactions) are occurred at different electrodes. It is
impossible to observe the two reactions at the same time in a traditional water electrolyzer.
Finally, a comprehensive mathematics model is needed for better understanding the bubble
dynamics and electrochemical reactions in a water electrolyzer.

The purpose of this work is to conduct experimental and theoretical analysis of gas
bubble dynamics in a single channel electrolyzer, specifically bubble’s growth and its
detachment process. In this work, by using specific designed single channel electrolyzer

and HMVS, the oxygen and hydrogen bubble evolution processes can be simultaneously
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investigated with different operating conditions. Oxygen and hydrogen bubbles'
generation, growth and detachment behavior were in-situ studied with different current
densities, and flow velocities. A comparison between the hydrogen and oxygen bubble
detachment diameter and time were conducted at different operating conditions and the
same reaction site. Notably, a mathematics model was built to further explain the
mechanism of bubble detachment. This research will provide a better understanding of the
general electrochemical reactions during water electrolysis and identify its most suitable

working conditions.

5.5 Experimental details

The single-channel water electrolyzer is tested in-situ and shown in Fig. 32 (A). The
apparatus comprises a pair of stainless-steel end plates with an observation window opened
on one end plate for the bubble visualization. A transparent plate made from plastic is used
to block the water and provide visibility of the internal phenomena. A plate with a Y-
junction single flow channel was printed using a 3D printer, and was served as the container
for both anode (oxygen) and cathode (hydrogen) electrochemical reaction. Two 99.95%
purity square shape Pt wires were placed in the middle channel, and were served as the
anode electrode and cathode electrode, respectively. Meanwhile, the Pt wires were used to
conduct electrons from the outside. More importantly, protons are impossible to transport

in the water, so a very thin membrane with low ionic resistivity was placed under anode
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Figure 32. Schematics of the (A) single-channel electrolyzer. (B) electrochemical

reaction in the channel (C) designed set-up during electrolysis.
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and cathode Pt wires, and was served as the migration pathway for protons. The in-situ
ultrafast and microscale HER and OER were observed and measured in the printed plate
by using a HMVS. The electrolyzer has an active area of about 5 cm?. The tests were
operated under atmospheric pressure at room temperature. The PEMEC was attached to an
electrolyzer control system with a current range up to 10 A and a voltage range up to 5V
(Potentiostat SP-300 from Bio-Logic). The schematic of the electrochemical reaction that
occurred in the channel is shown in Fig. 32 (B). A phenomenon known as the Segré—
Silberberg effect is used to keep the bubbles away from the center line of the channel. The
parabolic nature of the laminar velocity profile in the water flow produces a shear-induced
inertial lift force that drives the particles towards the channel walls. As molecules migrate
closer to the channel walls, the flow around the molecules induces an increase in pressure
between the particles and the wall that prevents the particles from moving closer [27]. The
general mechanism of the water electrolysis in this plate is similar to a conventional
PEMEC. Water flows through the channel, and then will be split into oxygen, protons, and
electrons at the interface between the anode side Pt wire. The oxygen is generated at the
surface of the Pt wire, and protons are transferred from the anode Pt wire to the cathode Pt
wire through the membrane in the middle area and react with the electrons from the outside
to form hydrogen bubbles, and hydrogen bubbles are generated on the cathode Pt wire
surface. Fig. 32 (C) shows the setup of the experimental test. DI water was supplied from
a water reservoir to the electrolyzer by a water pump. An electric heater with temperature

controller was used to maintain the temperature at 294.15 K. The cell was attached to an
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electrolyzer control system (Potentiostat SP-300 from Bio-Logic). A high-speed and
microscale visualization system (HMVS) was used to capture the bubble dynamics and

two-phase flow phenomena with a recording frame rate of 3000 fps.

5.6 Bubble dynamic model

Some models and empirical relationships have been proposed to investigate the bubble

dynamic behavior.

5.6.1 Bubble growth model

The gas in the microchannel can be assumed to be an ideal gas. In the present study, a
model for growing bubbles has been developed to analyze the growth of oxygen and
hydrogen bubbles on the substrate surface. Then, the following equations can be derived
as follows [28].

The bubble radius for one bubble can be expressed as follows:

(1) 3iAR,T
r= g t
mPynF (2 + 3 cos 6 — cos30)

W=

]

Where iA is the current (1 and 5 mA), F is the Faraday constant (96485 C/mol), Ry is the
gas constant of 8.314 J/mol K, T denotes the operating temperature (294.15 K), Py is the
pressure of the bubble (1 atm), and 6 is the contact angle (about 31°).

The growth rate, ideally, can be described as follows [15]:

. dar 1 [ 3iARgT
Y =—=-
dt 3 'mPpnF(2+3cos 8—cos30)

5t ®)
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And the change rate of bubble velocity is the following:

. d*r 2 [ 3iARgT
Yy =— = — -
dt? 9 'mPpnF(2+3 cos 6—cos30)

HOE

5.6.2 Bubble detachment model

@)

This model is applied to an air-liquid system to estimate the bubble detachment diameter

for various conditions in microscale. The effects of the reference variables on the bubble

size are analyzed. A force balance is established and presented below for gas bubble

detachment, and all forces have been calculated and expressed as the following general

form (forces in black, as shown in Fig. 33):

The base radius can be calculated as follows:

7, = rsinf

The distance to the base can be calculated as follows:
T, =1 Ccos 6

The bubble growth force in the x-direction is calculated as follows [29, 30]:

_ 2 .o 3 . 2
Egrow = TP (T‘T‘ + Er )
Fyrow,x 18 Very small and can be neglected.

# is the change rate of bubble velocity.

The surface tension force in the x-direction can be calculated as follows [29]:

(4)

()

(6)
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Figure 33. Forces acting on a growing bubble attached to the surface
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(61—0>)

F,,, = —2kr.o 0.0,

(sinf; + sinB,)

(7)

Where ¢ is the surface tension coefficient, 0.0719 N/m for both hydrogen and oxygen

bubble [31-33], 6; is the advancing contact angle (43°), and 8, is the receding contact

angle (39°), they are measured based on the videos. k is the correction factor and can be

calculated by matching the modeling results with the experimental results and has a value

of 3.2 for oxygen, and 3.0 for hydrogen.

The buoyancy force can be calculated as follows:

Fbuoyancy =Vg(p — pg)

(8)

Where V is bubble volume. p, is the gas density (0.0824 kg/m? for hydrogen, 1.309 kg/m?®

for oxygen), p; is the water density and has a value of 997 kg/m?®.

The quasi-steady drag force is as follows [34]:

_*
12 0.65

) 0.65 065
Fs = 67r,uluxr{§ + (R—eb) + 0.796" }

Where y; is the viscosity of water and has a value of 0.000976 kg/ms.

The bubble Reynolds number can be defined as follows:

Re, = %

The total force acting in the x-direction can be calculated as follows:
Y B = Fy + Fyst Fpoay + Fp

F,

_ _ 2 " 3 )
grow,y — Egrow = —nre pl(TT + Er )

The surface tension force can be calculated as follows [35]:

(9)

(10)

(11)

(12)
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s
91—92

F,y, = —2kr.o (cos 8, — cos ;) (13)

The shear lift force can be expressed as follows [36]:
Fg = %pluazcnrzcl (14)

Where C; can be calculated as follows [37]:

-1
L= Srsere (15)

The contact pressure can be expressed as follows [38]:

Fop = 2118 (16)

The total force acting in the y-direction can be calculated as follows:

YE =Fpowy t Fy + Fg + Fy (17)

Understanding the microfluidics in the channel is crucial for a further understanding of the
two-phase flow mechanism in a PEMEC. As shown in the development of the model, to
obtain the detachment diameter of bubbles, equations (11) and (17) should be properly
solved under two different conditions. When > Fx > 0 and > Fy < 0, the bubbles depart
from the initial nucleation site and slide along the LGDL surface. When Y Fx <0 and Y Fy
> 0, the bubble lifts off the LGDL surface. In the present model, a detachment diameter of

oxygen bubbles can be obtained by solving > Fx >0 or > Fy > 0.
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5.7 Results and discussions

5.7.1 Bubble dynamics in channel scale

The visualization results are recorded in the channel of width 0.5 mm, length 10 mm, and
depth 0.5 mm, and the frame rate is 3000 fps. The channel is full of DI water with a flow

direction from the bottom to the top.

5.7.1.1 Current density effect

Fig. 34 shows images of channel-scale bubble dynamics in the microchannel at the same
flow velocity of 3.3 cm/s and at current densities of 20 mA/cm? and 100 mA/cm?,
respectively. The bubbles on the right edge are oxygen bubbles, and the bubbles on the left
are hydrogen bubbles. The side view demonstrates that oxygen gas bubbles are nucleated
less frequently than hydrogen bubbles, and the size of the hydrogen bubbles are usually
smaller than the size of the oxygen bubbles. This difference is attributed to stoichiometry
as the volume of oxygen gas is half that of hydrogen and oxygen bubbles cling more
strongly to the electrode. In addition, there is an electrostatic repulsion force between the
negative cathode and the hydrogen bubbles that are also negative in water, leading the
hydrogen bubbles to more easily detach at a smaller size [39]. During the experiments, it
is observed that the dynamic behaviors of bubbles, including emergence, growth, and
coalescence, are similar at different working conditions. The results show that the reaction
site and bubble diameter increases with increasing current density. Moreover, there are

only four bubbles at 20 mA/cm?, and the number of bubbles almost double when the current
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Figure 34. The bubble evolution phenomena at channel scale under room
temperature and a flow velocity of 3.3 cm/s and different current densities. (A) 20

mA/cm?, (B) 100 mA/cm?.

density increases from 20 mA/cm? to 100 mA/cm?. And the detachment size of the bubbles
at 100 mA/cm? is almost 1.5 times larger than the detachment size of the bubbles at 20
mA/cm?. The increase in bubble detachment size can be explained by the increasing bubble
generation rate and reaction sites with the current density. The electrochemical reaction is
relatively slow at low current density. As the current density gradually increases, more
bubbles nucleate and grow on the Pt wire surface. This phenomenon has been observed in
our previous publications [15,17].

Also, the bubble coalescence occurs more intensely at higher current density, and the

gas bubble size distribution is very wide. The evolved bubbles move toward the
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neighboring large bubble. The large bubble intensively grows by repeating the coalescence
with other bubbles.

Bubble dynamics, under the influence of different flow velocities, have also been
captured and are shown in Fig. 35. Previous research has confirmed that the flow velocity
has no impact on the bubble growth rate [15]. However, the flow velocity can significantly
affect the bubble detachment rate. At low flow velocity (0.7 cm/s), bubbles usually detach
at a larger size as compared with the detachment size at a high flow velocity (13.3 cm/s).

As a result, bubbles tend to merge and form a large gas slug because the bubble

coalescence occurs more intensely in the water at a high current density and is less likely

Figure 35. The different bubble evolution phenomena at channel scale under room
temperature and a current density of 100 mA/cm? and different flow velocities. (A)
0.7 cml/s, (B) 13.3 cm/s.
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to detach at a low flow velocity. As the flow velocity increased, the individual oxygen and
hydrogen bubbles emerging into the channels became smaller and the coalescent gas slugs
could only form at a low flow velocity. When the flow velocity reached 13.3 cm/s, a
completely different bubble dynamics result is observed. The coalescence of the gas
bubbles is not observed and all the bubbles are distributed discretely in the channels; these
results can be explained by the fact that higher flow velocity caused higher shear stress and
static pressure difference on the interface of the bubbles, making it difficult for the smaller
bubbles to coalesce. More importantly, the large gas slugs disappeared from the flow field
because the sweeping rate of the gas bubbles increased with the flow velocity. It is also
notable that the flow velocity has almost no impact on the reaction area, because the
different flow velocity does not change triple phase boundaries (TPBs), meaning the
pathways for reactants and products, the catalysts, and the conductors for protons and

electrons.

5.7.2 Two-phase transport in bubble scale

The visualization results are recorded in a small square shape area (200 um x 200 um), and
the frame rate is 3000 fps. The bubble dynamics and surface wettability vary with reaction
sites. Therefore, the oxygen and hydrogen bubbles we chose to compare under different

flow velocities and current densities are almost at the same location in the channel.

5.7.2.1 Current density effect
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First, a set of time evolution images is shown in Fig. 36 to show the evolution behavior of
oxygen (Fig. 36A1 to A4) and hydrogen (Fig. 36B1 to b4) bubbles at 20 mA/cm? and 3.3
cm/s. Theoretically, the bubble evolution have several stages, including nucleation,
growth, and detachment [40, 41]. The Fig. Al and B1, at the initial time (t = 0 s), shows
that there is no bubble generation on the surface and that the previous bubble just detached
from the surface. Then (Fig. A2 and B2), oxygen and hydrogen bubbles emerged on the
interface between the channel edge (Pt) and the bottom surface (Nafion), and adhered to
the surface formed by surface tension force. As time progressed (Fig. A3 and B3), oxygen
and hydrogen bubbles became larger. Finally, the bubble increased to its biggest size and
could be clearly observed along the edge. The mechanism of bubble growth can be
explained by the ideal gas law and the faraday’s law [15]. After the bubble grew to a critical
diameter, namely the departure diameter, it departed from the surface (Fig. A4 and B4).
After its departure, the supersaturation gradually increased enough for the activation of the
nucleation site to trigger a new bubble formation. Subsequently, the whole bubble
evolution cycle was repeated [42, 43]. The bubble departure diameter is an important
parameter for the interfacial mass transfer on the gas-evolving surface. The long-lived,
large-sized bubbles blocked the flow channel and limited the incoming flow movement.
Similar phenomena could be observed at different places in the channel with the same
working condition. The phenomena can be understood by considering the balance of the
forces exerted on one gas bubble. The previously generated bubbles in the channel were

dominated by the surface tension force. The surface tension force and the bubble growth
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Figure 36. Sequence of photographs showing the oxygen bubble (Al to A4) and
hydrogen bubble (B1 to B4) detachment process at bubble scale under 20 mA/cm?,

and 3.3 cm/s.
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force are due to the wettability of bottom and the Pt wire surface, as well as the bubble
growth. As the size of the bubble gradually increases, the flow-induced force and the drag
force resulting from the incoming flow become dominated, and bubbles begin to detach
from the surface. According to the cathode and anode electrochemical equations, the ratio
of hydrogen to oxygen is 2:1. There are more bubble nucleation sites on the cathode side
than the anode, and the local current density on the cathode side is smaller than the anode
[44]. The detachment diameter of the hydrogen bubbles on the cathode side is always
smaller than the detachment diameter of the oxygen bubble on the anode side.
Furthermore, oxygen and hydrogen bubble dynamics have also been addressed at higher
current densities (100 mA/cm?, 3.3 cm/s). As shown in Fig. 37, similar to Fig. 36, bubbles
are first generated slowly on the surface. The water near the cathode becomes
supersaturated with hydrogen and the increasing concentration of hydrogen at the electrode
nucleates bubbles at the electrode surface at several nucleation sites. The bubble then
growth and eventually detaches from the surface of the electrode as the detaching forces
supersede the surface tension force. As shown in Figs. A3 and A4 in Fig. 37, the sizes of
some bubbles still grow after they have detached from the surface, suggesting that the
bubbles might keep growing even after detaching from the cathode surface as long as the
surrounding liquid remains supersaturated [45]. The results also indicate that both the
detachment diameters of oxygen and hydrogen bubbles and detachment times slightly
increased as the current density increased from 20 mA/cm? to 100 mA/cm?.

A problem with the flow velocity is that the flow speed cannot be very high because the
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Figure 37. Sequence of photographs showing the oxygen bubble (Al to A4) and
hydrogen bubble (B1 to B4) detachment process at bubble scale under 100 mA/cm?,

3.3 cmfs.
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bubbles may need less time to detach from the surface as the flow velocity gradually
increases, making it difficult to observe the whole bubble evolution process. Under this
condition, a maximum flow velocity of 13.3 cm/s has been selected to efficiently observe
the general bubble evolution process under the influence of different flow velocities. As
shown in Fig. 38, both the oxygen and hydrogen bubble evolution processes at current
density of 100 mA/cm? and a flow velocity of 13.3 cm/s have been observed and
investigated. The results indicate that as the flow velocity increases, the gas slugs gradually
disappear and the bubble size becomes smaller, eventually virtually eliminating blocking.
The bubble detachment diameter is only around 40 pm for both oxygen and hydrogen and
the detachment times are about 0.013 s and 0.012 s for oxygen and hydrogen, respectively.
The reason for these results could be that the large flow velocity could lead to a large
induced force, making the bubbles become more easy to detach.

A low flow velocity (0.7 cm/s) has been selected to compare the bubble growth and
detachment results in Fig. 38. As shown in Fig. 39, at a low flow velocity, the detachment
time (0.038 s for oxygen, 0.024 s for hydrogen) and detachment diameters (80 um for
oxygen, 60 um for hydrogen) are very large compared to the results shown in previous test.
The detachment diameter is about 40 um for both oxygen and hydrogen and the detachment
time is about 0.013 s and 0.012 s for oxygen and hydrogen, respectively. Equations (4) and
(9) are used to understand the detachment frequency driven by the force balance modeling
and the flow induced force, and the increase of drag force might need a longer time to

overcome the surface tension force due to the small flow velocity. These equations suggest
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Figure 38. Sequence of photographs showing the oxygen bubble (Al to A4) and
hydrogen bubble (B1 to B4) detachment process at bubble scale under 100 mA/cm?,

13.3 cm/s.
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Figure 39. Sequence of photographs showing the oxygen bubble (Al to A4) and
hydrogen bubble (B1 to B4) detachment process at bubble scale under 100 mA/cm?,

0.7 cm/s.
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that the detachment time is inversely proportional to the flow velocity, namely that higher
flow velocity decreases the detachment time.

Fig. 40 presents a comparison between the experimental results and modeling results about
hydrogen and oxygen bubble detachment diameters at different flow velocities. When a
bubble gradually grows on the surface of Pt wire, it will be impacted by multiple forces,
including surface tension force, drag force, buoyancy force, body force, etc. The results
show that flow velocity has a considerable effect on bubble detachment diameter. At a low
flow velocity of 0.7 cm/s, the bubble diameter is large as a result of the direct influence of
the small bubble induce force, the bubbles need a longer time to detach. As the flow
velocity increases, the drag force and shear lift force increases. A larger total force on the
x-axis and y-axis acts on a growing bubble and thus the detachment diameter decreases.
More importantly, the bubble detachment process at a lower flow velocity is dominated by
the buoyancy force due to the large detachment diameter, and the buoyancy force gradually
decreases as the flow velocity increases. Also, the detachment diameter of hydrogen
bubbles is generally smaller than the diameter of oxygen bubbles due to the smaller density,
and the body force of hydrogen bubbles that induces a smaller negative total force,
preventing the bubble to detach from the surface. Before using a mathematical model to
forecast the bubble detachment trend, the model is authenticated using our previous
visualization assessment data. Fig. 40 presents the evaluation of model data with the
assessment data derived from bubble detachment experiments under the same operational

parameters. The result obtained from the figures show agreement between the
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simulation and experiment.

5.8 Conclusion

In this research, a comprehensively in-situ study was conducted to delineate the
mechanisms of microbubble dynamics in a single-channel water electrolyzer with the help
of the state-of-the-art characterization system. A transparent single-channel electrolyzer
was developed to visualize oxygen and hydrogen bubble behavior in the microchannel. For
the first time, the oxygen and hydrogen bubble behaviors were simultaneously presented
and investigated in electrolyzer. The two-phase flow phenomena have been visualized and
investigated at different working conditions. In addition, both current density and flow
velocity have shown clear effects on the reaction site and bubble growth rate. Bubble
detachment diameter was increased with an increase of the current density, and decreased
with an increase of the flow velocity. More importantly, a theoretical two-dimension model
for bubble dynamics has been built to investigate the bubble detachment diameter under
different operating conditions. The predictions of this model agreed with the experimental
results. The results could help to better understand the bubble evolution mechanism, to

evaluate the electrochemical reaction involved during water electrolysis.
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CHAPTER VI

IN-SITU INVESTIGATION OF THE COMPLEXITY IN MICRO-

SCALE GAS BUBBLES’ EVOLUTION AND TWO-PHASE FLOW

PATTERNS
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This chapter will be further edited and submitted for publication
I am fully responsible for the work submitted in this chapter, contributions from co-

authors will be added prior to submission for publication.

6.1 Abstract

This paper reports an in-situ study of the oxygen bubble behavior on the anode side of a
proton exchange membrane electrolyzer cells (PEMECs) with Ti felt LGDL. The finding
revealed that a small current density and large flow rate, small discrete bubbles appeared
in the flow field. At moderate current density and flow rate, a number of gas slugs formed,
in addition to small discrete bubbles. At large current density and small flow rate, more
bubbles were generated in the channel, and flow field was dominated by slug and annular
flow. More importantly, a single bubble detachment process was captured and analyzed,
and results showed that different current densities had a significant impact on bubble
detachment diameter and frequency. Bubble detachment frequency and detachment
diameter greatly increased alongside an increase in current density. Finally, bubble
detachment diameter at different locations and under different current densities and flow
rates were investigated. Bubble detachment diameter showed a close relationship with pore
size. Additionally, bubble detachment diameter was directly proportionate to pore size.
These results can help to better understand the two-phase flow and bubble detachment

mechanism, and provide a foundation for electrochemical reaction studies in future.
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6.2 Highlights

e Two-phase flow and bubble dynamics are in-situ visualized.
e Bubbles are invaded from the bottom to the top of the Ti felt.
e Slug flow tends to form at high current density and low flow rate.

e Current denisty has a great impact on the detachment frequency.

6.3 Introduction

Water electrolysis is one of the most attractive methods for saving energy and has almost
no impact on the environment. Proton exchange membrane electrolyzer cells (PEMECS)
have gained significant attention in the past decade. Gas generation by PEM electrolysis
has many advantages: it has high efficiency, high purity, high production pressure, yields
no greenhouse gas emissions, and integrates well with renewable energy resources [1-3].
This process makes it possible to produce hydrogen and oxygen in a highly efficient
manner, and with a purity of up to 99.999%. PEMECs typically require only minimal
maintenance and do not contain corrosive liquids other than water. However, PEMECs still
require additional investigation and improvement before they can be implemented.

Bubble dynamics and two-phase flow phenomena should be investigated to develop
effective mass transport. Ineffective removal of bubbles in the liquid/gas diffusion layer
(LGDL) may lead to pore blockage and catalyst layer coverage, phenomena that will hinder

the transport of liquid water from the flow fields to the catalyst layer. This, in turn, will
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inhibit electrochemical reactions. Oxygen bubbles that accumulate in the flow channels
can also impede liquid water transport and lead to higher mass transport losses. Several
factors need to be considered to accurately identify the impact of different working
conditions on bubble behavior, such as operating current density and liquid flow rates. To
thoroughly investigate the impact of each factor on multiphase flow behavior, in situ
visualization studies must be performed at the microscale level.

The working principle of a PEMEC is similar to that of a PEM fuel cell; however, in the
case of the former, half of the reactions take place at opposite electrodes. The reactant water
and produced H> and O> gases flow in the opposite direction to those in a PEM fuel cell.
During the process of water electrolysis, water is supplied to the anode where it is
dissociated into oxygen in the form of gas bubbles, protons, and electrons. The protons
travel across the catalyst coated membrane to the porous cathode electrode, where they
recombine with the electrons to produce hydrogen gas, which is then transported through
the liquid gas diffusion layer (LGDL) and flow field toward the outlet of the cell. During
this process, the anode is prone to water blockage by gas. Since water is the reactant for an
electrolysis cell, it must be delivered to the active reaction sites in the anode. By-product
oxygen gas may impede water delivery to the electrode if the gas is trapped in the pores of
the electrode, or in the microchannel [4].

Researchers have investigated bubble dynamics in fuel cells and electrolyzers. Yang et al.
investigated CO. gas bubble behavior inside the anode of a direct methanol fuel cell

(DMFC), and found that current density, flow rate, and temperature greatly affected bubble
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dynamics and cell performance [5]. Mo et al. investigated the bubble-generation
mechanism in a PEMEC and found that bubbles only generated at the interface between
the catalyst layer and liquid gas diffusion layer, which means using a triple phase boundary,
is crucial to the electrochemical reaction [6]. Li et al. researched the impact of wettability
on the bubble dynamics and performance in a PEMEC with Ti thin film LGDL and found
that wettability had a limited impact on activation and transport over-potential, but a large
impact on bubble dynamics at a current density ranging 0 to 2 A/cm? [7]. Wang et al.
developed a mathematical model to investigate the bubble dynamics and multiphase flows
in a fuel cell, and established that multiphase flows emerged near the channel outlet in a
co-flow configuration [8, 9]. Selamet et al. researched the two-phase flow and gas bubble
evolution behavior inside a PEMEC using neutrons and a high resolution camera. They
found that gravity and buoyancy force can greatly affect water distribution across the cell
and that active areas near the anode inlet contained more water than other areas [10].
Dedigama et al. investigated the two-phase flow phenomena inside a single channel
PEMEC, and concluded that bubble diameter increased both alongside a decrease in flow
rate and with an increase in potential [11]. Ito et al. studied the impact of water flow on the
gas generation of a solid polymer water electrolyzer, and found that more bubbles were
generated in the channel alongside an increase in water flow rate, and bubbles were more
easily detached at a high flow rate [12]. Yuan et al. focused on the bubble growth and
detachment process in a direct methanol fuel cell, and concluded that surface tension and

buoyancy force were the main factors in the bubble growth and detachment process, and
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that working current density and solution concentration can significantly affect the bubble
detachment diameter [13]. Lu et al., working on the bubble dynamics in a methanol fuel
cell, found that bubbles nucleated at certain locations and formed large and discrete gas
slugs in the channel and that bubble detachment from the surface was significantly retarded
by strong surface tension [14].

Research has been conducted into bubble dynamics and two-phase flow phenomena in
other applications [15-24]. During the current study, two-phase flow phenomena and
bubble dynamics within a microchannel was studied using transparent PEMECs, as well
as a microscale and high-speed visualization system. Oxygen bubbles' detachment and two-
phase flow phenomena in the microchannel were captured with different operating current
densities and flow rates. Slug flow was found to form in the microchannels at high current
density and low flow rate. More importantly, the number of bubbles and detachment
frequency were increased with an increase of the current density. More bubbles were found
to generate at the edge of the channels than in the middle. Current density and flow rate
showed some impact on bubble detachment diameter. The bubble detachment diameter
increased alongside an increase in current density, and decreased with an increase in flow
rate. This research is expected to provide a better understanding of bubble detachment and
two-phase flow mechanisms in PEMECs, which in turn can provide insights for improving

cell performance and efficiency.
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6.4 Experimental details

The experiment focused on the oxygen evolution reaction (OER) with the help of a high-
speed and microscale visualization system. Fig. 41A shows the structure of the specific
transparent cell used: two end plates were made from stainless steel with an observation
window on the cathode-side end plate. The transparent plate was made of plastic. The
current distributor on the anode side was made of a gold-coated Ti plate. The anode LGDL
was Ti felt with a thickness of 350 um. A commercial catalyst-coated membrane (CCM)
was made from Nafion 115 (EZ-CCM; FuelCellsEtc), with a thickness of 125 um. The
catalyst employed was 3.0 mg/cm? IrRuOx on the anode side and 3.0 mg/cm? platinum
black (Pt black) on the cathode side, and the working area of the CCM was 5 cm?. The
cathode LGDL was carbon paper. The gasket on the cathode had a thickness of 125 pum,
and on the anode, a thickness of 280 um. The cathode current distributor was made of
copper. The cell was assembled using eight evenly distributed bolts with 40 in/lb of torque.
Fig. 41B shows the setup of the experimental test rig. Deionized water (DI water) was
supplied from a water reservoir to the PEMEC by a water pump. An electric heater with
temperature controller was used to preheat both the DI water flowing through the cell and
the cell itself. The cell was oriented vertically during the experiment. The tests were
operated under atmospheric pressure and at 80 °C. The cell was attached to an electrolyzer
control system with a current density range up to 5 A/cm? and a voltage range up to 5V
(Potentiostat SP-300, developed by Bio-Logic). A high-speed and microscale visualization

system (HMVS) was introduced to capture the anode side two-phase flow phenomena, at
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Figure 41. Schematic of the (A) transparent PEMECs, and (B) experimental setup for

the visualization and electrochemical study.
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a recording frame rate of 7500 fps. Research focused on two-phase flow and bubble
dynamics under different operating conditions. Results obtained from the images aim to
provide a comprehensive understanding of the impact of different operating conditions on

two-phase flow phenomena in PEMECs with Ti felt LGDL.

6.5 Results

To investigate the LGDL morphology in terms of its ability to facilitate oxygen removal,
knowledge of the distribution of the generated and accumulated bubbles is necessary. This
can be achieved by drawing correlations between LGDL microstructure parameters and
bubble behavior. Fig. 42A shows the multifunction of LGDL in PEMECs, where the LGDL
is located between the flow channel and the catalyst layer. Its function is to transport
electrons, reactant (water), and product (oxygen) to and from the catalyst layer with
minimal loss [25]. Fig. 42B presents the 2D microfluidic pore network. In this figure, the
air bubble is represented by the color white, the solid structure is represented by the color
black, and the liquid is represented by the color blue. During the operation, bubbles were
generated under the Ti felt at the interface between the Ti felt and CCM. When the pressure
of a growing bubble reacheed the capillary pressure of the largest surrounding throat, it
will propagated via a direct pathway from the catalyst layer to the flow channel. The bubble
then detached from the surface and moved with the incoming water flow.

The image of the gas invasion in Fig. 42 illustrates how bubble transport in LGDL is

dominated by both surface tension (a force between fluid molecules) and principle force (a
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transported in Ti felt LGDL.

force arising from the capillary effect) [22, 26].

The relationship between current density and voltage is a critical measure for the
performance of PEMECs, where lower voltage for a given current density indicates better
performance. Fig. 43 shows the performance of the PEMECs recorded by the visualization
system. The operating temperature was 80 °C, and flow rate was 20 ml/min. As shown in
this figure, the voltage gradually increased from 0 to 1.97 V, alongside an increase in
current density from 0 to 2 A/cm?. Electrochemical impedance spectroscopy (EIS) results
were also obtained in situ with a current density of 0.2 A/cm?. As Fig. 44 shows, the high
frequency resistance (HFR) was 0.223 Ohm*cm?. These values showed good agreement

with previously published findings [27].
163



=0 Q@ Tifelt 0@
(@)
-

-
oo
|

>
(]
S o9
= 1.6 90
e 9
(e Temperature: 80 °C
oo Reaction area: 5 cm?
1.4 Flow rate: 20 ml/min
1.2 1 ’ T Y T T T ¥ T Y T
0.0 04 0.8 1.2 1.6 2.0

Current density (A/cm?)

Figure 43. The polarization curve of the PEMEC with Ti felt LGDL.

24

164



0.08 S
@ Tifelt
~ 0.06 4
&
Q
%
k= e o 9
= ° °
O 0.04 - Y
== ° o
@/ o o
£ °
] o °
0.02 4 o °
9
o Q
f 3
0.00 T T T T
0.20 0.25 0.30 0.35
Re (Z)/Ohmic*cm?

Figure 44. EIS results of the PEMECs with Ti felt LGDL.

0.40

165



Fig. 45 presents images of the two-phase flow phenomena under different conditions:
(A1) to (C1) show a flow rate of 10 ml/min, current densities of 0.04 A/cm?, 0.2 Alcm?,
and 1 A/lcm?. (A2) to (C2) show current densities of 0.2 A/cm? and flow rates of 2 ml/min,
10 ml/min, and 20 ml/min. The most common phenomena, according to the visualization
results, were bubbles and slug flow. Void fraction in gas liquid flow can be used to define
the proportion of gas and liquid rates in the microchannel. Generally, when calculating
void fraction, researchers use the time-average value taken over a long period. Void

fraction can be expressed as o«c,= A, /(A4 + A;), where A, is the cross-section area of the

gas phase and A; is the cross-section area of the liquid phase. Current density appeared to
have a significant influence on slug flow formation. At low current density, the gas
generation rate was low, Q; was dominant over Qg, and only bubbly flow could be captured
in the microchannel. As Fig. 45 shows, more bubbles were generated in pores with an
increase of current density. Smaller bubbles were more likely to merge to form a single
large bubble, and the slug flow were more easily to form (see C1). Additionally, two-phase
flow can change under different flow rates. The slug flow phenomena can also be captured
at a very low flow rate (see A2), due to the slow movement of gas bubbles: bubbles will
then gradually accumulate and form a slug flow. In general, the change in shape, size, and
flow patterns of gas bubbles that occur alongside an increase in current density for any
single channel can be described thus: at very low current density (0.04 A/cm?), numerous
small, spherically shaped gas bubbles emerge from various locations on the Ti felt surface

and the channel edge. The gas bubbles become detached when the dynamic pressure of the
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Figure 45. Comparison between the bubble evolution phenomena in the channel-
scale, (A1) to (C1) illustrate a flow rate of 10 ml/min, and current densities of 0.04,
0.2, and 1 A/lcm?. (A2) to (C2) illustrate a current density of 0.2 A/cm?, and flow rates

of 10, 20 and 40 ml/min.
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flowing water exceeds the surface adhesion. As the current density increases, more gas is
produced. As the bubbles depart and coalesce with newly formed bubbles further along the
channel, transition to the slug flow pattern begins, and frequent bubble coalescence leads
to several bubble slugs occupying sections of the microchannel. In two-phase flow (Fig.
A2 to C2), flow and bubble dynamics changed significantly alongside an increasing anode
water flow rate. The slug flow was able to form more easily at a low flow rate. At the
relatively low flow rate of 2ml/min, bubbles needed more time to detach from the surface
and flow to the outlet. This can be attributed to the small drag force and large surface
tension force; bubbles had sufficient time to merge with one another at very low flow rates.
Bubble flow then became dominant alongside an increase in flow rate. Bubbles tended to
stay at the edges of channels (particularly the top edge) due to the higher surface tension
there, and the fact that the compression force on the edge was more uniform than in the
middle, and not graduated. Therefore, since ohmic losses became smaller for active areas
near the edge, more bubbles were able to generate at the edge. Buoyancy force may also
have led to bubbles moving to the top edge, because the cell was oriented vertically in the
experiment.

Fig. 46A to E show a sequence of small-scale oxygen evolution reactions at 0.2 A/cm?,
10 ml/min, and 80°C. The pore/bubble is shown in the red circle. The gas bubbles nucleated
at certain locations under the Ti felt LGDL, and were then held on the catalyst-coated
membrane by strong surface tension, until they grew into a larger bubble that was able to

detach. Once the bubbles grew to a sufficient size, they detached and moved along the

168



Figure 46. Sequence of photographs showing the small-scale visualization of a single

bubble’s evolution at 0.2 A/cm? and 10 ml/min.
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microchannel in the Ti felt. The bubble detachment process is governed by the momentum
of liquid flow, the force of buoyancy on the bubble, flow drag force, and surface tension
force. Initially (Fig. 46A), there was no bubble in the red circle. Eventually, the bubble
began generating and was eventually transported to the top of the Ti felt, and began
detaching from the Ti felt at 0.0024 s (Fig. 46B). Finally, the bubble flowed with the
incoming DI water to the channel outlet. The direction of the bubble’s movement is shown
by the red arrow. The drag force and the buoyancy force played a dominant role in the
bubble’s movement direction. In Fig. 46E, the second bubble has been transported out of
the pore and is ready to detach from the surface. The same bubble’s movement direction is
shown in Fig. 46F. Visual experiment results show that bubbles’ growth, detachment, and
movement behaviors occurred as regular periodic events.

Fig. 47 demonstrates the impact of the different flow rates on a single bubble’s
evolution. As shown in this figure, the bubble moved to the surface of the Ti felt at 0.0018
s (Fig. 47B), a shorter time compared to the bubble diameter in Fig. 46B. At 0.1085 s, the
second bubble began to generate (Fig. 47D), and was subsequently transported out of the
Ti felt at 0.1106 s (Fig. 47E).

The results obtained from the Fig. 47 were carefully checked and compared with those
in Fig. 46. The different flow rates indicate a certain impact on detachment time; therefore,
an increase in flow rate may to some extent have increased bubble detachment frequency.
However, it had almost no impact on bubble detachment diameter, which was roughly 170

pum for each of the two different flow rates. This can be attributed to the surface tension
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Figure 47. Sequence of photographs showing the small-scale visualization of a single

bubble’s evolution at 0.2 A/cm? and 20 ml/min.
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playing a dominant role during the bubble’s invasion behavior, which can significantly
limit bubble detachment diameter. More importantly, bubble generation and transportation
all occurred in the Ti felt. During this process, the flow rate had almost no impact on the
entirety of the bubble's behavior inside the Ti felt. The complicated structure of the Ti felt
protected the bubble from the impact of different flow rates.

Fig. 48 shows the impact of different current densities on a single bubble’s evolution,
showing similar bubble evolution and movement behavior in this case. Since the current
density increased to 1 A/cm?, the bubble only needed 0.0015 s to fully transport out of the
Ti felt, a much shorter time than in previous results. This was due to the fast bubble-
generation rates underneath the Ti felt at a high current density. At a low current density
of 0.2 Alcm?, the electrochemical reaction was relatively slow, and only a few bubbles
were able to form. When the current density increased, the electrochemical reaction in the
catalyst layer accelerated. The number of bubble nucleation sites and the bubble growth
rate both increased as a result. Consequently, bubble detachment frequency also greatly
increased alongside an increase in current density.

According to Poiseuille's law, flow decreases with an increase in channel length. A
special channel area was selected due to the instability of the flow rate monitored by the
flow meter. The instability of the flow rate occurs more frequently especially at small flow
rate. As shown in Fig. 49, the research area was located near the inlet of the flow channel,
in order to obtain a stable flow rate. Twelve bubble detachment locations were found to be

evenly distributed on the entire surface of the LGDL.
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Figure 48. Sequence of photographs showing the small-scale visualization of a single

bubble’s evolution at 1 A/cm? and 10 ml/min.
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Figure 49. Photograph shows 12 bubble locations.

Fig. 50 shows the bubble detachment diameter at 0.2 A/cm? and different flow rates.
The bubble was visualized for each flow rate and different locations with different pore
size. The pore size was roughly 0.0058 mm? for locations eight and nine; 0.0181 mm? for
locations five, six, and seven; 0.0230 mm? for locations one, three, and four. The smallest
bubble detachment diameter at 2 mL/min was roughly 178 um at locations eight and nine;
around 210 pum at locations five, six, and seven; around 240 um at locations one, three, and
four. The results indicate that bubble detachment diameter was in good agreement with
pore size. Bubbles prefer to detach at a large diameter in a large pore. The flow rate depends
on capillary pressure and the surface tension force. A large pore size yields small pressure

and small surface tension force to the gas bubble, making it easier to accumulate and
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transport from active sites to the top surface. More importantly, the bubble detachment
diameter decreased alongside an increase in water flow rate, from 2 to 20 mL/min. The
reason for this can be attributed to large flow drag force at large flow rate. A larger drag
force makes it easier for the bubble to detach at a smaller bubble diameter. Finally, pore
size plays a dominant role in bubble detachment diameter; however, different pore shape
has little impact on the bubble detachment diameter. The bubble detachment diameter was
very similar for locations five, six, and seven (pore size: 0.0177 mm?), and for locations
eight and nine (pore size: 0.0058 mm?).

Fig. 51 shows bubble detachment diameter at 10 mL/min and different current densities.
The smallest bubble detachment diameter at 0.04 A/cm? was roughly 165 um, at locations
eight and nine. The largest bubble detachment diameter was roughly 216 um, at location
two. The results show good agreement with results shown in Fig. 50. The bubble
detachment diameter increased alongside pore size. More interestingly, bubble detachment
diameter increased with an increase in current density, from 0.04 to 1 A/cm?. Bubble
growth rate increased alongside an increase in current density. More gas will be generated
at a large current density.

Fig. 52 shows a schematic of bubble detachment size and their moving direction
following detachment from the surface. Buoyancy force is in y direction, and flow drag
force is in x direction. Bubble detachment size was in a good agreement with pore size.
Bubble detachment size became smaller alongside a small pore size (pore size one, three,

and four > six and seven > eight and nine). More importantly, bubble detachment size
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Figure 52. Schematic of bubble detachment size and moving direction in different

pores.

showed a significant impact on bubble moving direction after detachment from the surface.

For pores one, three, and four, moving direction was toward the top right of the channel

(37°). For pores seven and eight, bubble size became smaller, and the moving direction

became closer to the center (12°). For pores eight and nine, bubble size was very small,

and moving direction was to the east (the same direction as incoming flow). The reason for

this can be attributed to a larger bubble buoyancy force alongside an increase in bubble

detachment size. The flow drag force played a dominant role when bubble size was small.

The role of buoyancy force became significant as bubble size became larger.
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6.6 Summary

In this study, rapid and microscale oxygen bubble dynamics and two-phase flow at the
anode side of PEMECs were visualized in situ, in a transparent PEMEC, coupled with a
high-speed and microscale visualization system. In channel scales, more bubbles were
generated at high current density, and slug flow formed more easily at both high current
density and low flow rate. In small scales, oxygen gas bubbles were generated under the
Ti felt LGDL, and transported inside the Ti felt, until they finally detached from pores.
Bubbles then flowed with the incoming water flow to the outlet. Operating current density
was able to greatly increase the number of reaction sites, whereas flow rate had no impact
on reaction sites. More importantly, both current density and flow rate showed a degree of
impact on the bubble's detachment time and detachment diameter. A large current density
led to a short detachment time and a slight increase in bubble detachment diameter; a large
flow rate led to a short detachment time and a slight decrease in bubble detachment
diameter. Finally, bubble moving direction after detaching from the surface was analyzed.
Bubble moving direction appeared to be closely related to bubble detachment diameter and
flow rate. This research underscores new directions for further study of bubble dynamics
and two-phase flow in PEMECs with Ti felt LGDL, thereby allowing for the creation of

new and advanced designs and research methods.
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CHAPTER VII

CONCLUSIONS AND FUTURE RESEARCH

In this thesis, both experimental and modeling methods were used to study the bubble
dynamics and two-phase flow behaviors in PEMECs. A comprehensive literature review
about the multiphase flow and electrochemical reaction in electrolyzer was presented in
this thesis. A description of the numerical methods and the general requirements for the
electrochemical reaction was provided. The findings and results of each chapter can be
summarized as follow:

In chapter 2, the rapid and micro-scale oxygen bubble dynamics and two-phase flow at
the anode side of PEMECs are visualized in-situ in a specific designed transparent PEMEC
coupled with a high-speed and micro-scale visualization system. The similar performance
between the transparent and conventional cells provides strong support for the assertion
that actual two-phase flow phenomena can be observed in the transparent cell. At channel
scales, several two-phase flow phenomena in microchannels, including bubbly, slug and
annular flow, have been observed. At pore scales, oxygen gas bubbles are emerged at the
rim of the LGDL pores and rapidly grow until detaching from the reaction sites. And then,
they coalesce with other micro bubbles or flow with liquid water in the microchannel. It is
found that the PEMEC temperature and current density enhance bubble growth rates and
increase the number of reaction sites, while its flow rate has limited effects. In addition, a
mathematical model has been developed to investigate the bubble growth behavior under

different operating conditions, and the modeling results are in good agreement with the
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experimental data. This research opens a new pathway for further study of the general
working mechanism and two-phase flow in PEMECs, thereby allows the creation of new
advanced designs and research methods.

In chapter 3 the hydrophilic titanium TT-LGDLs are treated by a silane monolayer to
change their wettability for the first time. The micro-scale and ultra-fast oxygen bubble
dynamics are in-situ visualized in a novel designed transparent PEMEC with a HMVS. The
results show that the oxygen bubble detachment diameter and frequency of the
hydrophobic TT-LGDLs are much larger than ones with the hydrophilic TT-LGDLs, and
the bubble size in the channel scale with the hydrophobic TT-LGDLs is much larger than
the one with the hydrophilic TT-LGDLs as well. The PEMEC performance with the
hydrophobic and hydrophilic TT-LGDLs are very close. The advantages of the TT-LGDLSs,
such as planar surface, straight-through pores, and small thickness result in very limited
difference of the transport losses between the hydrophobic and hydrophilic TT-LGDLs.
The increase of the transport loss due to these reasons is very small compared with the total
loss in the PEMEC, especially under 2.0 A/cm2. We expect that the performance of the
hydrophobic TT-LGDLs will be degraded under much higher current densities, due to the
large bubble detachment which may cause additional two-phase transport losses in a
PEMEC.

In chapter 4, a specific PEMEC was developed to visualize hydrogen gas bubble
generation, and temperature variance in the cathode channels. It was observed that the

temperature field in the entire channel was not uniform; some pores had a relatively higher
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temperature than the others. The temperature gradually increased until it reached the
equilibrium state. During this process, the areas with the highest temperature in the
channels were consistent with the highest hydrogen bubble generation rate areas, which
means that heat release occurred due to an active electrochemical reaction. A series of pore
scale temperature distribution change phenomena have also been visualized; the results
show that the temperature change phenomena vary in different pores. The reason can be
attributed to the electrochemical reaction occurred in different pores. More importantly,
the temperature increase areas are consistent with the bubble generation areas, and this
phenomenon has been found to be replicable in other pores. Finally, investigations on the
LGDL surface shown that the temperature on the LGDL also increased rapidly with respect
to time. The reason can be attributed to the ohmic loss and heat transferred from the CCM.
These findings could help better understand the correlation between the cathode side
electrochemical reaction and heat generation, in order to provide a basis for future research,
both in terms of modeling and experiment.

In chapter 5, a comprehensively in-situ study was conducted to delineate the
mechanisms of microbubble dynamics in a single-channel water electrolyzer with the help
of the state-of-the-art characterization system. A transparent single-channel electrolyzer
was developed to visualize oxygen and hydrogen bubble behavior in the microchannel. For
the first time, the oxygen and hydrogen bubble behaviors were simultaneously presented
and investigated in electrolyzer. The two-phase flow phenomena have been visualized and

investigated at different working conditions. In addition, both current density and flow
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velocity have shown clear effects on the reaction site and bubble growth rate. Bubble
detachment diameter was increased with an increase of the current density, and decreased
with an increase of the flow velocity. More importantly, a theoretical two-dimension model
for bubble dynamics has been built to investigate the bubble detachment diameter under
different operating conditions. The predictions of this model agreed with the experimental
results. The results could help to better understand the bubble evolution mechanism, to
evaluate the electrochemical reaction involved during water electrolysis.

In chapter 6, rapid and microscale oxygen bubble dynamics and two-phase flow at the
anode side of PEMECs were visualized in situ, in a transparent PEMEC, coupled with a
high-speed and microscale visualization system. In channel scales, more bubbles were
generated at high current density, and slug flow formed more easily at both high current
density and low flow rate. In small scales, oxygen gas bubbles were generated under the
Ti felt LGDL, and transported inside the Ti felt, until they finally detached from pores.
Bubbles then flowed with the incoming water flow to the outlet. Operating current density
was able to greatly increase the number of reaction sites, whereas flow rate had no impact
on reaction sites. More importantly, both current density and flow rate showed a degree of
impact on the bubble's detachment time and detachment diameter. A large current density
led to a short detachment time and a slight increase in bubble detachment diameter; a large
flow rate led to a short detachment time and a slight decrease in bubble detachment
diameter. Finally, bubble moving direction after detaching from the surface was analyzed.

Bubble moving direction appeared to be closely related to bubble detachment diameter and
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flow rate. This research underscores new directions for further study of bubble dynamics
and two-phase flow in PEMECs with Ti felt LGDL, thereby allowing for the creation of
new and advanced designs and research methods.In the future, more research on the bubble
dynamics at different working conditions can be done to find the best working condition
for enhancing operating performance. According to the previous visualization results,
bubbles are also generated under the channel, and the bubble number under the channel
can’t be neglected. It will be benefit if a method can be introduced to visualize and
investigate the bubbles evolution phenomena under the channel. During the operation, the
water droplet will gradually be accumulated on the cathode side catalyst layer. A
correlation between the electrochemical reaction and the water droplet accumulation can
be built to better understand the electrochemical reaction occurred on the cathode side of
PEMECs. Finally, a comparison between the performance and the two-phase flow
phenomena in PEMECs with different LGDL can be conducted for understanding the
bubble dynamics in different pore structures. In this way, more advanced PEMECs
structure can be developed to greatly reduce the activation, mass transport and ohmic
losses, so as to decide the best working condition for both hydrogen evolution reaction and

oxygen evolution reaction with minimal loss.
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