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Abstract

Fuel cells are electrochemical energy conversion devices as well as clean
power sources as they offer practicable and smooth means to directly
convert chemical energy, available in fuels, to electrical energy. The
promising capability of fuel cell technology, particularly direct liquid fuel
cells, have piqued increasing research interest over the years. However, the
slow reaction kinetics of conventional liquid fuels on pricey metal catalysts
at the anode has largely hindered the commercial market penetration of
liquid fuel cells. To address this issue, a novel system which employs an
electrically rechargeable liquid fuel (e-fuel) for renewable energy storage
and power generation was recently proposed. The e-fuel can be obtained
from diverse range of electroactive materials and not only metal ions. An e-
fuel solution, which contains vanadium ions dissolved in sulphuric acid, is
therefore employed to operate fuel cells. Unlike the conventional liquid
fuels, the vanadium-based e-fuel possesses superior reactivity on carbon-
based electrodes, consequently eliminating catalyst materials at the anode
and improving the cost effectiveness of fuel cells. In addition, the e-fuel
possesses low freezing point which allows the operation of fuel cells at wide
temperature range. As a result of the fascinating properties and excellent
potential of this e-fuel, this thesis is focused on the experimental and
numerical investigations of e-fuel cells while exploring various oxidants at
the cell cathode. Firstly, the performance of the e-fuel cell is experimentally
examined with the use of air as oxidant, while taking the use of oxygen as
performance benchmark. The cell attains an open-circuit voltage (OCV) of

1.25 V, which is comparable to an OCV of 1.26 V obtained when pure
vii



oxygen is employed as oxidant. A peak power density of 168.3 mW cm™, at
room temperature, is obtained with the use of air as oxidant. Furthermore,
an energy efficiency of 26.4 % is achieved by the e-fuel cell. Secondly, to
further boost the performance of the e-fuel cell and more importantly realize
its application in airtight environments, hydrogen peroxide (H20>) is
considered as oxidant, in lieu of gaseous oxygen or ambient air. The novel
e-fuel/H20> fuel cell exhibits an impressive peak power density of 1456.0
mW cm™ at 60 °C, which is 70 % higher than the use of oxygen as oxidant.
A maximum current density exceeding 3000 mA cm™ is also achieved by
the cell. Furthermore, the cell achieved a stable performance after it was
refueled 10 times under a constant current discharge. Thirdly, a
mathematical model to describe the underlying theoretical and working
principle of the e-fuel cells is presented. The model is first developed for the
e-fuel cells using pure oxygen as oxidant. Afterwards, the modeling
framework is extended to the e-fuel cells that employ hydrogen peroxide as
oxidant, where mixed potential is considered in the cathodic reactions.
Lastly, numerical simulation of the model is conducted to predict and

optimize the performance of the e-fuel cells.
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Chapter 1 Introduction

1.1 Background

Energy is an indispensable requirement towards achieving virtually all the
daily activities of humankind. Consequently, the global energy demand and
consumption are on the increase in tandem with the rising global population,
industrial expansion, and modernization process [1,2]. Interestingly, the
U.S. Energy Information Administration (EIA) recently projected that the
global energy demand will increase by nearly 50 % in 2050 [3]. This
therefore provides stimulating insights to pursue sustainable energy for the
future generations and accelerate the diversification of energy delivery
across the world. However, the present outlook of the global energy profile
clearly indicates that fossil or hydrocarbon fuels, such as natural gas, coal,
and crude oil, remain the major energy sources even in this modern period
[4]. The continuous use of fossil fuel-dependent energy directly contributes
to the greenhouse gas emissions and these carbon footprints cause serious
environmental pollution which are detrimental to human health and
wellbeing. These fossil fuels are derived from limited reserves; hence they
are exhaustible and nonrenewable in nature. The perpetual consumption of
fossil fuels will lead to the steady depletion of these resources and pose
negative effects on the global energy security [5-7]. It is thus of significant
importance to explore energy sources that are sustainable and

environmentally benign.

The quest to significantly cut down the massive dependence on the limited

and inefficient conventional energy sources has therefore stimulated the



utilization of renewables as effective alternative to match up with the ever-
increasing energy demands of the modern world. Following this, several
power generation systems, including hydropower, thermoelectric power,
solar photovoltaics, wind power, batteries, and fuel cells have been
developed to supply efficient and sustainable energy for end use [8]. Among
these systems, fuel cells are widely considered as one of the clean power

source options and have thus attracted increasing research attention.

1.2 Fuel cells

Fuel cells are clean power source as they offer feasible and smooth means
to directly convert chemical energy, available in fuels, to electrical energy
through electrochemical reactions. Over the years, various fuel cells, based
on the type of fuel or electrolyte employed, have been developed for various
applications [9,10]. Beginning with the use of hydrogen, hydrogen fuel cells
(HFCs), also referred to as proton exchange membrane fuel cells (PEMFCs),
remains the most developed fuel cell technology and have received a broad
array of applications, including the transportation sector [11]. However, the
various risks of using gaseous hydrogen significantly limit the continuous
application and large-scale deployment of hydrogen fuel cells. For instance,
the flammability nature of hydrogen can cause explosions and therefore
raises a major safety concern for its handling and applications. The stringent
conditions for hydrogen production, high-pressure requirement for
hydrogen storage, and transport difficulties of hydrogen also complicate the
technical requirements and increase the running costs of HFCs [12]. These
lingering issues therefore led to the introduction and application of liquid

fuels to energize fuel cell systems.



1.3 Direct liquid fuel cells

1.3.1 Features

Direct liquid fuel cells (DLFCs) simply employ liquid fuel for their
operations. Conventional DLFCs are therefore commonly fed with alcohol
fuels, including methanol and ethanol, which are easier to handle and
manage compared to hydrogen gas. As a result, DLFCs are among the
common and promising types of fuel cell technology that is currently
attracting increasing attention. Other compelling features of DLFCs include
simple structural design, high energy density, noiseless operation, fuel
flexibility, long operational cycles, excellent modularity, and diverse
applications [13]. However, the sluggish reaction kinetics of liquid fuels
relatively limit the power density and energy efficiency of DLFCs thereby
hindering the commercial market penetration of these fuel cells. In addition,
performance improvement of DLFCs often require high operating
temperature such that a heating system is commonly incorporated into the

cells which in turn leads to unwanted energy loss.

1.3.2 Literature review
Over the years, numerous research attention and efforts have been dedicated
towards the design and development of DLFCs. Different types of liquid

fuels have been employed for energizing DLFCs.

Among the existing DLFCs, the direct methanol fuel cells (DMFCs) are the
most common and broadly studied due to the high electrochemical activity
and higher energy density of methanol (~4.8 kWh L) unlike hydrogen

(~180 Wh L") [11]. In addition, methanol is readily available, inexpensive,



and easy to store and transport, which makes it attractive as an ideal fuel.
Several studies, including the development and use of different types of
catalysts to enhance the oxidation reaction of methanol and improve the
durability of DMFCs, have been conducted over the years. However,
methanol is toxic and can be poisonous and thus requires adequate safety

measure when employed in fuel cells.

Ethanol is another liquid fuel that has been commonly employed in fuel cell
technology as a result of its intrinsic safety, sustainability, nontoxicity, and
high energy density (~8 kWh kg') [13]. Unlike methanol, ethanol can be
efficiently produced from the fermentation of biomass. The relatively
sluggish reaction kinetics of ethanol due to its strong C-C bond composition,
however, is a major limitation to its further application in fuel cells.
Operating the direct ethanol fuel cells (DEFCs) at high temperatures has
been generally considered as one of the means to address this limitation.
Membrane dehydration occurs at high temperature which would in turn

significantly reduce the efficiency of the fuel cell.

Another liquid fuel that has received applications in DLFCs is ethylene
glycol. Ethylene glycol comprises two hydroxyl groups and is commonly
used as an antifreeze in the transportation sector. Ethylene-glycol possesses
superior vapor pressure, in comparison to single-hydroxyl group alcohol
fuel, which helps to reduce fuel loss during evaporation. The power density
obtainable from direct ethylene glycol fuel cells (DEGFCs) is still low and
therefore requires the fabrication of suitable catalysts to boost the cell

performance.



Glycerol, a major byproduct during the production of biodiesel, is also
considered as fuel option for DLFCs. Since glycerol is a waste product, it is
therefore of very low price when compared to other fuels. One of the
advantages of employing glycerol in fuel cells is that the production cost of
its fuel cells are significantly reduced. Glycerol is non-toxic and bio-
renewable, which make it suitable and easy to be employed in fuel cell.
Glycerol also has a high energy density of ~6.0 kWh L' [14]. However,
research and studies on direct glycerol fuel cells (DGFCs) are still in the

early stage.

Dimethyl ether is another liquid fuel that has been used to energize fuel
cells. Even though dimethyl ether naturally exists in gaseous state, one of
its distinctive features is that it can also be used as a liquid fuel. Dimethyl
ether is volatile, but not carcinogenic, and non-toxic. The theoretical cell
voltage of direct dimethyl ether fuel cells (DDEFCs) is ~1.2 V [15]. The
oxidation process of the cell involves the transfer of 12 electrons, which
doubles the 6 obtainable in DMFCs, thereby requires less fuel to generate
power. DMFC:s still require much research and development effort, such as
improved feeding system and fabrication of suitable catalysts, to enhance

their performance.

Sodium borohydride is another liquid fuel that have been proposed and
employed to operate fuel cells. Similar to hydrazine, sodium borohydride is
completely free of carbon atoms, hence it does not produce carbon
substances that could contaminate or destroy the anode electrocatalyst.

Some of the compelling attributes of direct borohydride fuel cells (DBFCs)



include high theoretical cell voltage (1.64 V), smooth electrooxidation of
borohydride ion (BH4 ") on non-precious metallic catalysts, and high-power
density [16, 17]. However, the toxic nature of sodium borohydride and the
high operating costs requirement of DBFCs pose major limitation for their

commercialization.

1.3.3 Performance progress

Towards the performance improvement of the various DLFCs discussed in
the previous section, several efforts, which include the fabrication and use
of different catalysts for the electrooxidation of the liquid fuels, have been
made by numerous researchers. Following this, the peak power density
achieved by DMFCs, which is the most studied DLFC, is yet to reach 200
mW cm even when operated at high temperatures up to 100 °C. The peak
power density demonstrated by DEFCs still falls below 60 mW c¢cm™ at room
temperature. The highest power density attained by DEGFCs is around 300
mW c¢m™ under an operating temperature of 130 °C. The DFAFCs are able
to produce a peak power density up to 200 mW cm™ at room temperature.
DDEFCs have been demonstrated to deliver a peak power density between
40 and 80 mW cm™. The reaction kinetics of the liquid fuels, the membrane
used, cell configuration, catalyst employed, and operating temperature
contribute to the performance differences achieved by different DLFCs.
Apparently, the various performance obtained from these DLFCs are still
far from the requirements for wide market penetration and

commercialization.



1.3.4 Applications

DLFCs possess compelling characteristics and promising potential to
achieve competitive spot in diverse markets for several applications. Due to
their simple structural design, high energy density, noiseless operation, fuel
flexibility, and excellent modularity, DLFCs cover various energy-
demanding applications, including portable, stationary, and transportation
[9] . For portable applications, DLFCs are suitable candidates for portable
power generators, typically designed for different types of lighting, public
display signs, and emergency power supply; and various electronic devices
such as phones, radios, and laptops. DLFCs are also commonly employed
as stationary power generation systems for residential and commercial
purposes. Stationary fuel cell applications include power supply for remote-
area, emergency back-up, and combined heat and power systems. The
transportation applications of DLFCs include auxiliary power units, light-
and heavy-duty fuel cell electric vehicles, light traction vehicles, marine and

aerial propulsion.

1.3.5 Challenging issues

The progress made so far on the various conventional DLFCs indicate their
potential for further improvement and applications. However, there are
some challenges and limitations hindering the further development and
commercialization of conventional DLFCs. Firstly, the conventional liquid
fuels are not electrically rechargeable and thus can only be applied once,
thereby increasing the financial cost incurred on fuel. Secondly, the slow
reaction kinetics of the conventional liquid fuels require the use of expensive

noble metal catalysts, which in turn increase the cell fabrication cost and
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also limit the cell performance. Thirdly, the conventional DLFCs are
commonly operated under high temperature to enhance performance,
thereby increasing the system complexity and degrading the system
efficiency. Another challenging issues with the some of the conventional
DLFCs is the toxicity and flammability of the fuels which therefore raise
safety and environmental concern. It is thus of significant importance to
propose and employ an alternative and environmentally friendly fuel

candidate towards achieving efficient and cost-effective liquid fuel cells.

1.3.6 Electrically rechargeable liquid fuels (e-fuel)

Electrically rechargeable liquid fuel (e-fuel) is a newly introduced fuel for
renewable energy storage and conversion and has piqued increasing
research interest in recent years. In comparison to the alcohol fuels that has
been employed in DLFCs over the years, e-fuels possess several superior
advantages [19]. As an electrically rechargeable fuel, e-fuel can be
recharged with the use of an e-fuel charger, thereby reducing the cost of the
e-fuel production. In addition, e-fuels are obtainable from diverse range of
electroactive materials, including metal ions, organic materials, and particle
suspensions, indicating their broad material selectivity and flexibility.
Furthermore, e-fuels possess superior electrochemical reactivity, even on
carbon-based electrodes, and consequently eliminate the use of catalyst
materials at the anode, thereby reducing the fabrication cost of fuel cells.
Another advantage of an e-fuel is that it exhibits rapid reaction kinetics
which is beneficial towards significantly increasing the performance of
DLFCs. Other merits of e-fuel include low environmental footprint, easy

handling, and effortless storage. As a result of the intriguing features of e-
8



fuels, an e-fuel solution which contains vanadium ions dissolved in sulfuric
acid is prepared and employed to energize fuel cells. One of the unique
features of this vanadium-based e-fuel is that it can be charged using a
widely accepted technology known as all-vanadium redox flow cell. The
vanadium-based e-fuel is thus considered to be a promising option and more

efficient liquid fuel for operating DLFCs.

1.3.7 Working principle

As shown in Figure 1.1, the architectural feature of the fuel cell fed with e-
fuel basically consists of a membrane electrode assembly (MEA). The MEA
comprises a proton exchange membrane placed between a catalyst-free
graphite-felt anode and a conventional cell cathode. During the operation of
the e-fuel cell, the e-fuel containing vanadium ions is directly pumped, using
a peristaltic pump, into the anode side where V? is oxidized to V** as given

below [18]:
VI S V3t e E% = —0.26 V vs. SHE )

During this anodic reaction, electrons are released and transported to the
cathode side through an external circuit while and protons are transported

through the membrane to the cathode side.

At the cathode side, pure oxygen is supplied through the flow channels and
directly flows through the cathode diffusion layer to the cathode catalyst
layer. On the cathode catalyst layer, the oxygen reacts with the electrons and
protons, arriving from the anode, for oxygen reduction reaction as follows

[19]:



20, +e +H* >1H,0 E°=+1.23V vs. SHE ©)
4 2

The overall electrochemical reaction within the e-fuel cell is [20]:

V2 420, + 4H* - V3 42 H,0 E® =149V 3)

This e-fuel cell apparently exhibits a theoretical voltage of 1.49 V, which is
higher than those obtained from the conventional DLFCs including ethanol
fuel cells (1.14 V) and methanol fuel cells (1.21 V). This therefore positions

the e-fuel as a more promising and superior option for energizing DLFCs.

Figure 1.1 Working principle of a DLFC fed with the e-fuel.

1.4 Thesis objectives

The major objective of this thesis is to experimentally and numerically
investigate the operation and performance of direct liquid fuel cells fed with
an electrically rechargeable liquid fuel at the anode while exploring various
oxidants at the cathode. Firstly, the operation of this e-fuel cell is
experimentally examined using air as oxidant, while taking the use of

oxygen as performance benchmark. This is to investigate the potential of air
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as oxidant in the operation of e-fuel cells. A peak power density of 168.3
mW cm™ was obtained when the cathode is fed with air. Secondly, in order
to further boost the performance of the e-fuel cell and more importantly
realize its application in air-tight environments, such as space propulsion
and underwater power systems, hydrogen peroxide (H20>) is considered as
an alternative oxidant, in lieu of gaseous oxygen or ambient air, at the
cathode. The novel e-fuel/H>O> fuel cell produces a peak power density of
1456.0 mW cm™ at 60 °C, which is 70% higher than the use of oxygen. A
maximum current density exceeding 3000 mA cm is also achieved by the
cell. Such impressive performance not only outperforms the e-fuel cells
supplied with oxygen but also exceeds many liquid fuel cells that use H202
as oxidant. The performance of the cell at various operating conditions such
as the concentration of the various species, operating temperature,
membrane thickness, and its discharge behavior at constant currents are also
investigated. Thirdly, to describe the underlying theoretical and working
principle of the e-fuel cells, a two-dimensional mathematical model is
developed. This is to better understand and garner more insights on the
complex and highly coupled fluid flow, mass/charge transport processes,
and electrochemical reactions which take place within the multi-layer
porous structure of the cell. The model is first developed for the e-fuel cells
using pure oxygen as oxidant. Afterwards, the modeling framework is
extended to the e-fuel cells that employ H20: as oxidant, where mixed
potential is considered in the cathodic reactions. The validation of the model
developed for both cells through the comparison of the results with

experimental data show a good agreement. Fourthly, to predict and optimize
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the performance of the e-fuel cells that uses oxygen as oxidant, a
computational platform is employed for the numerical simulation the model.
The concentration distribution of the e-fuel at the anode under some
designated current densities, which cannot be obtained by experimental
approach, are presented to further provide substantial information useful for
gaining in-depth insights into the operation and performance of the e-fuel
cell. The simulation reveals that the mass transport loss of the e-fuel,
particularly at high current densities, is a major factor limiting the cell
performance. As for structural design parameters, an increase in anode
porosity, anode thickness, and cathode catalyst layer thickness all boosts the
cell performance, whereas the cell voltage is found to decrease with
increasing membrane thickness. Increase of the exchange current density at
the anode and the cathode is found to improve the performance of the e-fuel
cell. Lastly, numerical simulation of the model established for the e-fuel
cells that uses H>O» as oxidant is performed. The simulation reveals the
concentration distribution of H20- at the cathode, showing its limited mass
transport at low concentration limits the cell performance. The
concentration of the sulfuric acid at the cathode on the cell performance is
also studied. The simulation result shows that cell performance increases
with the sulfuric acid concentration. The cell voltage is found to increase
with the use of thinner membranes. Furthermore, the active surface area of
the anode and cathode are also presented to significantly influence the cell
performance such that larger active surface area of the electrodes enhances

electrochemical reactions and improve the overall cell performance.
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Chapter 2 Experimental setup and characterization platform

2.1 Introduction

This chapter presents the various components, experimental set-up, and
characterization platform of the e-fuel cell. The procedures for the
preparation of the cell components, which includes the anode, cathode, and
membrane, and the assembling of these components to achieve a membrane
electrode assembly (MEA) are presented. The procedures involved in the
preparation of the electrically rechargeable liquid fuel (e-fuel) are discussed.
The experimental setup and the various instruments used during the
experiments are also presented. The various performance evaluation tests,
such as polarization curve, constant-current discharge, and performance

stability for the e-fuel cell are introduced.

2.2 Cell components and assembly
The component materials for the design of the fabricated home-made fuel

cell are displayed in Figure 2.1.

Figure 2.1 The various components of the fabricated home-made fuel cell.

The various components of the fuel cell include two heating plates, two
graphite flow field structures etched with serpentine flow channel, two

current collectors, two gaskets, an anode, a membrane, and a cathode. All
16



these elements are firmly fixed with bolts and nuts to avoid any form of

leakage from the cell.

2.2.1 Flow field designs

The graphite flow field structure is designed with serpentine flow channel
with a width and depth of 1.0 mm. The serpentine flow field serves as the
route for the delivery and distribution of the electrolytes on the surface of

the electrodes.

2.2.2 Preparation of anode

Catalyst-free graphite-felt anode is used throughout this study. The

preparation procedures of this anode are as follows:

1) A large size of a graphite felt (AvCarb G100, Fuel Cell Store) is cut.

2) The graphite felt is placed inside a muffle furnace and heated for 5 hours
in air at a temperature of 500°C to enhance its electrochemical reactivity
and wettability.

3) The heated graphite felt is allowed to cool down and then taken out of
the furnace.

4) The thermally treated graphite felt is then cut into smaller sizes of 2.0

cm x 2.0 cm in readiness to be used for the assembling of the cell.

2.2.3 Preparation of cathode

A home-made Pt/C coated carbon paper is used as the cathode in this study.

The procedures involved in the preparation of this cathode are as follows:

1) 60 wt. % Pt/C powder (Johnson Matthey Co., USA), 5 wt. % Nafion
(Fuel Cell Store, USA), and ethanol are properly mixed together.

2) The mixed solution is placed into an ultrasonic bath for about 30

17



3)

4)

5)

6)

7)

minutes to ensure the uniformity of the solution suitable for the catalyst
ink.

A carbon paper of size 5.0 cm X 4.0 cm is fastened on a heating plate
while exposing 4.0 cm % 4.0 cm surface area of the carbon paper.

The prepared catalyst ink is poured into a spray gun to uniformly spray
the ink on the carbon paper.

The wet catalyst layer is allowed to dry up.

Steps 4) and 5) are repeated until the carbon paper attains the expected
catalyst loading.

The coated carbon paper is thereafter cut into four pieces, each with a
size of 2.0 cm x 2.0 cm, in readiness to be used for the assembling of

the cell.

2.2.4 Preparation of membrane

For the various experimental investigations presented in this thesis, Nafion

series membranes are used as the proton exchange membrane. The standard

procedures followed for the preparation of these membranes are:

1)

2)

3)

4)

5)

The purchased Nafion membrane is immersed into 3.0 wt.% hydrogen
peroxide (H20) solution and placed in water bath to boil for an hour.
The membrane is removed from the H>O> solution and then immersed
into deionized water and placed in water bath to boil for an hour.

The membrane is removed from the deionized water and then immersed
into 1.0 M H2SO4 and placed in water bath to boil for an hour.

The membrane is removed from the H>SO4 solution and again
immersed into deionized water placed in water bath to boil for an hour.

The membrane is thereafter cut into a size of 3.0 cm x 3.0 cm and stored

18



in deionized water in readiness to be used during the assembling of the

cell.

2.2.5 Membrane electrode assembly

After the preparation of the anode, cathode, and membrane, the membrane
electrode assembly follows. The MEA with an active area of 2.0 cm X 2.0
cm is prepared such that the commercial proton exchange membrane is
sandwiched between the catalyst-free graphite felt anode and the

conventional Pt/C coated carbon paper cathode.

2.3 Preparation of electrolytes

2.3.1 Preparation of electrically rechargeable liquid fuel

The fuel cell presented and investigated in this thesis is energized with an

electrically rechargeable liquid fuel (e-fuel). The procedures involved in the

preparation of this e-fuel fed into the anode of the cell are as follows:

1) Suitable amount of vanadyl sulfate (VOSO4) powder is dissolved in
sulfuric acid.

2) Deionized water is added to the solution and stirred to obtain uniform
solution.

3) The prepared solution is allowed to cool down and thereafter transferred
into a volumetric flask.

4) Deionized water is added to the solution inside the volumetric flask
until the solution reaches the marked line for the desired volume.

5) The solution is then charged using a typical flow cell to obtain the
desired e-fuel. The charging time is changed based on the e-fuel

concentration required.
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2.3.2 Preparation of hydrogen peroxide solution

Hydrogen peroxide is utilized as the oxidant for the experimental study

presented in chapter 4. The procedures followed in the preparation of the

hydrogen peroxide solution are given below:

1) Deionized water is poured into a big beaker after which an appropriate
amount of sulfuric acid is added to the deionized water.

2) The solution is allowed to cool down and hydrogen peroxide is added,
depending on the concentration required.

3) The acidified hydrogen peroxide solution is transferred into a volumetric
flask.

4) Deionized water is added to the solution inside the volumetric flask until
the solution reaches the marked line for the desired volume.

5) The acidified hydrogen peroxide solution is thereafter stored in clean

and dry bottles.

2.4 Experimental setup and instruments

Figure 2.2 Experimental set-up for the e-fuel cell.

The experimental setup of the e-fuel cell system, which comprises a cell,

pump, e-fuel, e-fuel tank and delivery, oxidant delivery, and Arbin cable, is

20



presented in Figure 2.2. Other instruments used during the experiments are

introduced in subsequent sections.

2.4.1 Fuel supply system
The prepared e-fuel is drawn into a small tank for storage. A peristaltic
pump is employed to deliver the e-fuel, at a set flow rate, to the anode side

of the fuel cell.

2.4.2 Oxidant supply system

When oxygen or air are used as the oxidant, an oxygen or compressed air
cylinder is connected to a mass flowmeter (Cole-Parmer, USA) to control
the supply and flow rate of oxygen or air to the cathode side of the fuel cell.
When hydrogen peroxide is employed as the oxidant, a peristaltic pump is
used to deliver the hydrogen peroxide solution, at a set flow rate, to the

cathode.

2.4.3 Temperature control system

A proportional-integral-derivative (PID) temperature controller (Anthone
Electronic Co. Ltd., China) is employed to heat the fuel cell when an
operating temperature above the room temperature is required. The
temperature controller consists of a pair of heating rods, inserted into the
heating plates, for heating both sides of the cell; and a pair of K-typed

thermocouples for monitoring the cell temperature.

2.4.4 Testing systems
A fuel cell testing system (Arbin BT2000, Arbin instrument Inc.) is used to
perform the various experimental tests reported in Chapter 3 of this thesis

while the experimental investigations reported in Chapter 4 were performed
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and recorded using a fuel cell testing system (Neware Technology Limited,

China).

2.5 Performance evaluation

2.5.1 Polarization curves

Polarization curve, also known as IV-curve, shown in Figure 2.3, presents
the relationship between the applied current density and the voltage output
of fuel cells. The polarization curve starts after the cell voltage falls below
the cut-off voltage. The sources of the primary losses, such as the activation
loss, ohmic loss, and mass transport loss, common in fuel cells can be clearly

displayed and analyzed using polarization curves [1].

Figure 2.3 A typical polarization curve for fuel cells [1].

The activation loss, which is evident at the low operating current density
range, occurs as a result of the sluggish charge transfer reaction at the
electrode and electrolyte interface required to kickstart the electrochemical
reaction. The ohmic loss, evident at the medium current density regions, is
caused by the ohmic resistance of the cell components, which include the

electrical resistance in the electrodes, ionic transport resistance through the
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electrolyte and membrane, and contact resistance between the cell
components. The mass transport loss, which is mostly obtained at the high
current density range, occurs during the depletion of the reactants at the
electrode surface. In addition to these, the open-circuit voltage (OCV) and
the maximum current density of the cell can be obtained from the
polarization curves. The peak power density that can be delivered by the cell
can also be derived from the polarization curves by simply multiplying the

cell voltages with their corresponding current densities.

2.5.2 Constant-current discharge performance

Constant-current discharge test is a performance evaluation method
commonly conducted on power generation devices, such as fuel cells, to
determine their performance characteristics during real and practical
applications. In addition, constant-current discharge test provides the basis
for evaluating the Faradic, voltage, and energy efficiencies of fuel cells to
further examine their suitability for real-life operation. Constant-current
discharge performance of a fuel cell is obtained by operating the cell under

a constant current load while the voltage responses are generated.

2.5.3 Long-term stability performance

Long-term stability test is commonly conducted on fuel cells to determine
their performance stability during an extended duration of operation. At the
initial stage of the long-term stability test, the cell is subjected to a constant-
current discharge mode to generate the voltage response. However, when
the fuel is exhausted, the fuel tank is immediately replaced with fresh fuel
to continue the cell operation. These procedures are continuously repeated

until significant performance degradation from the cell is observed.
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2.5.4 Efficiencies
The various efficiencies, which include the Faradic, voltage, and energy

efficiencies, are also important performance indicators of DLFCs.

The Faradic efficiency, which is also referred to as the fuel utilization

efficiency, can be calculated according to this equation [2]:

[i(®)dt

VFCinit

Faradic efficiency (%) = (1)

Where i(t), V, F, and c;y;; denote the discharging current, volume of e-fuel,

Faraday’s constant, and the initial concentration of the e-fuel, respectively.

The voltage efficiency is calculated as follows [3]:

Voltage efficiency (%) = Zexer (2)

Etheo

)lde
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where Eipeo =

3)

Cinit

E.ver and Egpe, denote the average discharging and theoretical voltage,

respectively.

The energy efficiency is the multiplication of the Faradic efficiency and the

voltage efficiency, expressed as:

Energy efficiency (%) = Faradic efficiency x Voltage efficiency 4)

2.6 Summary
The various cell components and the assembly of the fuel cell are introduced
in this chapter. The preparation methods of the anode, cathode, and

membrane for the membrane electrode assembly are also presented. The
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preparation methods of the electrolytes, which include the e-fuel and
hydrogen peroxide, used in this study are also highlighted. The experimental

setup, instrumentation, and performance evaluation of the e-fuel cell are also

described.
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Chapter 3 Operation of fuel cells using air/oxygen as oxidant

3.1 Introduction

The continuous increase in the global population, industrialization, and
numerous human activities has inevitably resulted in the surge of energy and
power demands. In addition, the significant consumption as well as the rapid
depletion of the inefficient fossil energy has created severe energy crisis and
insecurity across the globe [1,2]. In a bid to provide clean and sustainable
power for the present energy-demanding modern lifestyles and the future
generations, renewable energy sources have been largely explored and
harnessed [3]. Following this, various renewable power generation and
energy conversion systems, that are energy efficient as well as
environmentally benign, have been developed and deployed for use in
several applications. Fuel cells, in particular, are clean and alternative
energy providers well known for the smooth conversion of chemical energy,
stored in form of fuel, into electrical energy for end users [4,5]. The progress
attained over the years on fuel cell technology has therefore gained the
attention of many researchers for further studies, design, and development

towards improved performance.

Direct liquid fuel cells are among the common and promising types of fuel
cell technology that is currently attracting increasing attention due to their
simple structural design, high energy density, safe handling, storage, and
transport of fuel [6,7]. Liquid alcohols including methanol [8], ethanol [9],
ethylene glycol [10], and even formic acid [11] have thus been commonly
considered as choice of fuel to energize fuel cells. However, some of the

peculiar challenges and shortcomings with the operation and application of
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these direct liquid fuel cells include severe fuel crossover, high cost of
catalyst, low power density, and low energy efficiency [12,13]. To tackle
most of these challenges and ameliorate fuel cell performance and

durability, alternative and more efficient liquid fuels are required.

Recently, a novel energy storage system using electrically rechargeable
liquid fuels was proposed and experimentally demonstrated [14]. Uniquely
different from all the conventional energy storage systems, the innovative
electrochemical system was developed such that the charge and discharge
processes are independently achieved. The electrically rechargeable liquid
fuels, known as e-fuels, which can be obtained from diverse range of
electroactive materials, were mentioned as excellent options for the energy
storage medium. E-fuel cell is one of the two major components, the other
is an e-fuel charger, that constitutes the e-fuel energy storage system. While
the e-fuel charger solely charges the discharged e-fuel to be stored as energy,
the e-fuel cell primarily generates electrical energy using the charged and
stored e-fuel. This latest system therefore characterizes a major step forward
in the advancement of electrical energy storage and power generation
systems. The e-fuel cell, in particular, has subsequently attracted increasing
research attentions for power generation due to its unique features and
advantages. As a result of the varieties of fuel that can be employed in the
operation of the e-fuel cell, an e-fuel solution, which contains vanadium ions
dissolved in sulphuric acid, is therefore employed to operate fuel cells.
Superior reactivity, long cycle life, wide operating temperature range, low
environmental footprint, easy storage, and catalyst-free materials were

mentioned as some of the merits of using this vanadium-based e-fuel [15].
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As a result of the proliferating interest in fuel cell electric vehicles, the
feasibility of employing a power source that is easily re-fueled by simply
supplying the fuel tank with rechargeable solution is an interesting idea that

should receive enormous attention for further development.

The successful operation of the e-fuel cell requires the supply of oxidant at
its cathode. The oxidant is required to react with the protons and electrons
from the anode to actualize reduction reaction at the cathode [16,17]. The
use of air, on the other hand, would significantly reduce the design
complexity and cost of the system. It is thus desired and of significant
importance for the e-fuel cell to be workable using air as oxidant. Herein,
the operation and behavior of the e-fuel cell is therefore examined with the
use of air as oxidant, while taking the use of pure oxygen as performance
benchmark. The experimental study shows that the cell exhibits a peak
power density of 168.3 mW c¢cm™ at room temperature when air is employed
as the oxidant. Such performance when air is used as the oxidant
outperforms a number of conventional direct liquid fuel cells that are even

fed with oxygen at the cathode.

3.2 Operation principle of the cell
An e-fuel solution which contains V¥ ions is supplied into the anode where

the V2" is oxidized to V** during the cell operation according to [15]:
V2t 5 V3t +e” E, = —0.26 V vs. SHE (1)
The reduction reaction at the cathode is as follows [15]:

0, +H* +e” > -H,0 E.=1.23V vs. SHE 2)
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The overall reaction of the e-fuel cell is expressed as [15]:
V420, +4H - V3 4+ H,0 E=149V 3)

As previously mentioned, the theoretical voltage (1.49 V) of this e-fuel cell
is considerably higher in comparison to other types of direct liquid as well

as hydrogen fuel cells.

3.3 Experimental details

3.3.1 Membrane electrode assembly

The membrane electrode assembly (MEA) adopted for this e-fuel cell was
prepared by sandwiching a proton exchange membrane (Nafion 117)
between a catalyst-free graphite-felt anode and a platinum/carbon coated
carbon paper used as the cathode. While the dimension of the membrane is
3.0 cm X 3.0 cm, both the anode and the cathode are of size 2.0 cm X 2.0
cm. The anode was treated by heating in the air for 5.0 hours under a
temperature of 500°C. Before use, the membrane was prepared and
pretreated by following the standard preparation method as reported before
[18]. The cathode, a platinum/carbon coated carbon paper with a metallic

2

loading of ~0.50 mg cm™, was prepared by following the previously

reported procedures [15].

3.3.2 Preparation of e-fuel

The e-fuel solution employed at the anode was produced by dissolving
VOSO4 powder in sulfuric acid and afterwards the solution is charged using
a classic flow cell as reported before [19]. Thereafter, 20.0 mL of the e-fuel
was drawn into the e-fuel tank and pumped into the fuel cell, at a flow rate

of 20.0 mL min’!, with the use of a peristaltic pump.
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3.3.3 Experimental set-up and instruments

The experimental arrangement for this study consists of the assembled cell,
an e-fuel tank, delivery pipes, and a peristaltic pump for the delivery of the
e-fuel into the cell. The oxidant pipe is also fastened to the cathode side to
deliver air/oxygen into the cell cathode such that the oxidant flow rate is
regulated using a mass flowmeter. The polarization and the constant current
discharge tests were implemented using a fuel cell testing system namely

Arbin BT2000.

3.4 Results and discussion
3.4.1 General performance and comparison
The performance characteristics of the e-fuel cell with the use of air as

oxidant for operating the e-fuel cell is presented in

Figure 3.1a. While the anode is supplied with an e-fuel solution (0.6 M V**
dissolved in 3.0 M H,SO4) at a flow rate of 20.0 mL min™!, air is supplied to
the cathode side at a flow rate of 100 standard cubic centimeters per minute
(sccm). It 1s found that the cell attains an open-circuit voltage (OCV) of 1.25
V with the use of air at the cathode which is comparable to an OCV of 1.26
V obtained when the cathode is fed with pure oxygen as shown in Figure
3.2. These values are apparently lower than the theoretical voltage of the e-
fuel cell (1.49 V) as a consequence of the relatively high overpotential at the

cathode due to the inevitable crossover of the e-fuel to the air side [15].
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Figure 3.1 (a) General performance of the e-fuel cell using air as oxidant
and (b) Comparison of power density with data obtained from the open

literature for direct liquid fuel cells.

It can also be seen that a peak power density of 168.3 mW cm™ together
with a maximum current density of approximately 450 mA cm are obtained
when air is applied as the oxidant. As expected, the use of pure oxygen as
oxidant in the e-fuel cell produces a higher peak power density of 254.6 mW
cm, as depicted in Figure 3.2, which is 51 % higher than the use of air at
the cathode. This could be majorly ascribed to the fact that the air contains
less concentration of oxygen (21 %) compared to that of pure oxygen [20].
However, the performance achieved by the e-fuel cell when air is utilized as
the oxidant still outperforms a number of liquid fuel cells that are also fed

with oxygen at the cathode as shown in

Figure 3.1b and Table 3-1. For instance, a close look at the comparisons
shows that the operation of an ethanol fuel cell using air as oxidant could
barely attain a power density of 2.0 mW cm™ at room temperature, despite
the higher catalyst loading (Pt/C 4.0 mg cm™) employed at the cathode [21].
A methanol fuel cell which also employed air as oxidant and operated at
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higher temperature (90°C) could only achieve a peak power density of
110.77 mW cm™ [22]. Elsewhere, the peak power density, 160.7 mW cm?,
of a formic acid fuel cell that was even operated with oxygen at higher
temperature (60°C) [23] is still lower than the performance achieved in this
study that is even conducted at room temperature. These therefore justify air
as a suitable alternative for oxidant during the operation and more

importantly future application of the e-fuel cell.

Figure 3.2 Comparison of the e-fuel cell performance with air and pure

oxygen as the oxidant.

It 1s important to state that the excellent reactivity of the e-fuel which
eliminate the need for noble metal catalysts at the anode, offers the fuel cell
with a cost estimation of US$737.30 kW-'. In comparison to conventional

liquid fuel cells as shown in Table 3-2, the e-fuel cell is cost-effective.

3.4.2 Influence of the oxidant flow rate

The flow rate of oxidant into the cathode is one of the significant factors
which impact the performance outlook of the cell [21]. The availability and
mass transport of oxidant at the cathode and the cell performance would

therefore be affected by the oxidant flow rate. In this section, the influence
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of various air flow rates starting from 10 to 100 sccm are investigated and
compared as regards to the cell performance. The performance of the cell is
seen to improve with increasing air flow rate from 10 to 100 sccm as shown
in Figure 3.3a. This is primarily because increase in the air flow rate
enhances the swift supply and spread of oxidant over the cathode thereby
leading to the faster rate of the oxidant to the reaction sites at the cathode
catalyst layer [8]. In more detail, the cell attains a peak power density of 97,
141.4, 159.5, 165, and 168.3 mW cm at air flow rate of 10, 20, 30, 50, and
100 sccm, respectively. Whereas, as shown in Figure 3.3b, when pure
oxygen is used as the oxidant in the e-fuel cell, serving as the benchmark,

little variation in the performance of the cell is obtained at all the flow rates.

Figure 3.3 Performance of the e-fuel cell at different (a) air flow rates and

(b) oxygen flow rates.

With the use of air at low air flow rates of 10 and 20 sccm, limited cell
performance is well pronounced. This can be ascribed to the insufficient
flow of air leading to oxygen starvation and increase in the mass transfer
resistance of the oxygen component of air to the active sites of the cathode
[24]. In contrast, at higher air flow rates of 50 and 100 sccm, very small

difference in the peak power density, between 165 and 168.3 mW cm? is
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demonstrated, which thereby indicates that a further increase in the air flow
rate may not be vital for the seamless running of the e-fuel cell. Furthermore,
it is considered that a further increase in the air flow rate would require the
consumption of more power for the air delivery, which thereby could reduce
the system efficiency [25]. While at low oxygen flow rate of 10 sccm, the
supply of oxygen to the cathode is seen to be sufficient for achieving a high
cell performance, further study is therefore suggested to develop catalyst
with better catalytic reactivity for the cathodic reaction so that the e-fuel cell
using air as oxidant could match-up with the performance of cell using

oxygen.

3.4.3 Influence of the operating temperature

Operating temperature is a major parameter that should be considered in the
operation and design of a fuel cell. This is because the operating temperature
of the cell poses significant effect on the characteristics of the e-fuel,
oxidant, membrane, and general cell performance [26,27]. Figure 3.4a
displays the effect of operating temperature on the cell voltage and power
density with the use of air as oxidant. Obviously, with the rise in the
operating temperature from 23°C to 60°C, performance improvement in the
e-fuel cell is achieved. The peak power density of the cell when fed with e-
fuel/air and subjected to an operating temperature of 23°C is 143.3 mW cm™
2. This power density was increased by 26 % to attain 180.7 mW cm™ at
40°C. A further increase in the operating temperature to 60°C, the cell
exhibits a peak power density of 199.5 mW c¢cm which is about 40 % more

than the performance at 23°C.
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Figure 3.4 Comparison of the e-fuel cell performance at different operating

temperatures using (a) air and (b) oxygen as the oxidant.

The increase in cell performance is accredited to the fact that increasing
temperature enhances the reactions kinetics of the e-fuel oxidation and the
cathodic reaction which therefore reduces activation losses during the cell
operation, in accordance with Arrhenius equation [21,28]. Increasing
temperature also facilitates the transport of reactants to their respective
active sites, which thus reduces concentration loss [27]. The performance of
the cell using pure oxygen as the oxidant in the e-fuel cell is displayed in
Figure 3.4b. The peak power density obtained are 203.3, 273.9, and 315.9
mW cm™ when the cell is subjected to operating temperature at 23°C, 40°C,
and 60°C, respectively. It was observed that when feeding the e-fuel cell
with air at the cathode and operated at 60°C, the cell achieved nearly the
same performance, a peak power density of approximately 200 mW c¢cm™, in
comparison to the performance of the cell fed with oxygen but operated at

23°C as presented in Figure 3.5.
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Figure 3.5 Comparison of the cell performance using pure oxygen at the
cathode at an operating temperature of 23 °C and when using air at the

cathode under an operating temperature of 60 °C.

This further emphasizes the potential of air in the future operation and
application of the e-fuel cell. However, it is worth noting that, when
operated at high temperature, the dehydration of Nafion 117 membrane
could happen, which thus would lead to increase in the membrane resistance
and thereby induce a larger ohmic loss limiting the cell performance [27,29,
30]. In addition, the cell is prone to high crossover of reactive species
through the membrane at higher temperature which would also result in a
larger mixed potential at the cathode [15]. Hence, the long-term
performance of the e-fuel cell at high operating temperature is an important

aspect that still requires further investigations.

3.4.4 Constant-current discharge performance

Constant-current discharge is an evaluation test method commonly
conducted on power generation devices such as fuel cells to determine their
performance characteristics during real and practical applications. In
addition, constant-current discharge test provides the basis for evaluating

the Faradic, voltage, and energy efficiencies of fuel cells to further examine
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their suitability for real-life operation. In this study, the constant current
discharge test of this e-fuel cell is tested at 10 mA cm™ considering five
different flow rates of the oxidants — 10, 20, 30, 50, and 100 sccm using air
as oxidant as shown in Figure 3.6a. For comparison, the constant current
discharge test of this e-fuel cell with the use of pure oxygen, which is the

widely accepted basis is displayed in Figure 3.6b.

Figure 3.6 Constant-current discharge performance of the e-fuel cell at

various (a) air flow rates and (b) oxygen flow rates.

As it can be seen, there is not much improvement in the voltage plateau with
the increase in flow rate of both oxidants, at all the flow rates considered for
air and oxygen. With the use of air, the discharge capacity of the cell slightly
increases in tandem with the increasing air flow rate. In more detail, an
improved discharge capacity performance from 6.44 to 7.16 Ah L is
observed when the air flow rate is raised from 10 to 100 sccm. With the use
of pure oxygen, the discharge capacity of the cell also increases from 6.77
to 7.28 Ah L' as the oxygen flow rate increases. The primary reason for
such increase in discharge capacity is that higher oxidant flow rate promotes
fast distribution of the oxidant at the cathode catalyst layer which in turn

reduces the concentration and activation losses that could affect the
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discharge capacity [31,32]. Using air as the oxidant at all these flow rates,

the cell is found to demonstrate its capability for stable operation.

3.4.5 Energy efficiency

The energy efficiency indicates the competence of the fuel cell regarding
the efficient conversion of chemical energy to electrical energy. Here, the
Faradic, voltage, and energy efficiencies of the cell considering various flow
rates of air were calculated to further reveal the performance of the cell. As
displayed in Figure 3.7a, it can be noticed that the energy efficiency of the
cell when fed with air at a flow rate of 10 to 100 sccm is between 23.4 %
and 26.4 %. In comparison, when the cathode is fed with pure oxygen, the
energy efficiency of the cell as depicted in Figure 3.7b is slightly higher and
ranges from 26.8 % to 29.6 %. The slight increment of the energy efficiency
can be ascribed to the reality that pure oxygen possesses more oxygen
concentration which brings about the reduction of activation loss [20].
However, the use of air is found to provide the cell with a similar
performance with the use of oxygen in terms of achieving comparable
energy efficiency. Furthermore, the efficiency attained by the e-fuel cell
with the use of air as oxidant also outperforms some conventional direct
liquid fuel cells that uses air as oxidant and operated under similar testing

conditions as summarized in Table 3-3.
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Figure 3.7 Faradic, Voltage, and Energy efficiencies of the e-fuel cell at

various flow rates of (a) air and (b) pure oxygen.

All these therefore indicates air as a potential oxidant for the operation of
the e-fuel cell. It is also essential to state that during the long-term running
of the e-fuel cell, the oxidant flow rate also plays a major effect on removing
the water generated at cathode and therefore still requires further
investigation on determining the optimal oxidant flow rate after prolonged
operation. Also, it is believed that by enhancing the cathode catalytic
reactivity in order to ameliorate the slow oxygen reduction reaction at the
cathode, towards reducing activation loss and thereby achieving a higher
voltage efficiency, the energy efficiency of the e-fuel cell employing air as

oxidant can be further improved.

3.5 Summary

The operation and performance of the e-fuel cell is explored with the use of
air as oxidant, while taking the use of pure oxygen as performance
benchmark. The experimental result shows that the cell is able to boost of a
peak power density of 168.3 mW cm™ which performs better than a number

of the common direct liquid fuel cells, including those fed with oxygen at
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the cathode. This therefore indicates the potential of air as oxidants in the
operation of the e-fuel cell. The effects of a number of operating variables
on the behavior and performance of the cell with respect to using air as the
oxidant are examined. The cell performance is seen to improve with
increasing the air flow rate as high air flow rate enhances the quick supply
and spread of oxidant to the reaction sites at the cathode. Likewise, with the
increase of the operating temperature from 23°C to 60°C, performance
enhancement in the e-fuel cell is achieved. To further upgrade the cell
performance obtainable with the use of air in comparison to pure oxygen,
more research attention, such as the fabrication of catalyst with improved
catalytic reactivity for the cathodic reaction, should be considered in the
future. The influence of possible water flooding should also be investigated
and studied. A numerical investigation to examine and analyze the influence
of the use of air and pure oxygen as oxidant on the cell performance is also

a potential direction for future studies.
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Tables
Table 3-1 Comparison of peak power density among various direct liquid

fuel cell that used either air or oxygen as oxidant.

Tem Cathode Peak power
Year Fuel Membrane Oxidant oC P Catalyst density Ref.
0 (mg cm?) (mW cm?)
2006 | Methanol | Nafion 117 |  Air | 50 lefoft ~50 24
2007 | Methanol | Nafion 117 |  Air | 80 Pt('flg)ck ~0.16 | 26
2010 | Methanol | Nafion 117 | Oxygen | 60 C‘(’ig‘giN 53.16 33
2011 | Ethanol | Nafion211 | Oxygen | 60 Fgg)o 100 34
Formic . Pt/C
2012 acid A201 Air 60 2.0) ~110 35
2013 | Methanol | Nafion 115 |  Air | 80 Pt('flg)ck 51.2 36
Formic . Pt/C
2013 acid A201 Air 60 (4.0) 105 37
Fumatech N-
2013 | Methanol Air 30 FWCNT 0.73 38
FAA3
(2.3)
Formic QAPSF Fe-Co
2014 acid membrane Oxygen 60 2.0 o4 39
2014 | Methanol | Nafion 212 Air 60 P(tél\g)c ~30 40
Formic . Fe-Co
2015 acid A201 Air 30 (0.75) ~44 41
Formic Fe-Co
2015 acid A201 Oxygen 20 (0.75) 18 41
2016 | Methanol | Nafion 115 | Oxygen 45 (Pzt/OC) 43.75 42
2016 | Methanol | Nafion 115 | Oxygen | 90 FZN(SB 60 43
. Pt/C
2018 | Ethanol | Nafion 117 Air R.T. (4.0) 1.81 21
2019 | Methanol | Nafion 115 | Oxygen | 90 ng\é')c ~72 44
2019 | Ethanol A201 Oxygen | 20 ACS ‘(‘)()’20 54 45
Formic Fe-NCNT
2019 acid NR212 Oxygen 60 (4.6) 71.5 23
Formic Co-
2019 . NR212 Oxygen 60 NCNT 160.7 23
acid
(3.3)
Pt/C
2020 | Ethanol | Nafion 117 | Oxygen 80 (1.0) 42 46
Pt/C
2020 | Ethanol | Nafion 117 | Oxygen 40 (1.0) 7.86 47
. Pt/C
2020 | Methanol | Nafion 115 Air 90 (1.25) 110.77 22
2021 | Methanol | Nafion 115 | Oxygen | 90 Fz’él\é)c 7 48
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Tem Cathode Peak power

Year Fuel Membrane Oxidant (oc)p Catalyst density Ref.
(mg cm?) (mW cm?)

2022 | E-fuel | Nafion117 | Air | 23 (fgi) 1683 | M
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Table 3-2 Comparison of the cost of e-fuel cell with other liquid fuel cells.

PPD
Fuel Cells Anode Membrane Cathode MEA (mW m- Cost Ref.
(USDm?) | (USDm?) | (USDm?) | (USDm?) 2) (USD kW)
Methanol $11147 $500 $9171
Pt-Ru black Nafion Pt black $20818 20.1 $103572.14 [49-51]
Fuel cell ) . 5
(4 mg cm™) series (4 mgem™)
$8371 $500 $6889
Ethanol
Pt-Ru black Nafion Pt black $15760 29.9 $52709.03 | [49,50,52]
Fuel cell ) . )
(3 mg cm™) series (3mgem™)
$1307.17
$500
70 Pt/C 609
E-fuel cell s . Nafion o .| $1877.17 254.6 $737.30 [49,50]
Graphite felt . (0.5 mg cm
series 2)
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Table 3-3 Comparison of energy efficiency among various types of direct

liquid fuel cell that employed either air or oxygen as oxidant.

Current Tem Energy
Year Fuel Oxidant Density © C)p ) Efficiency | Ref.
(mA cm?) (%)
2011 | Formic Air 5 R.T. 7.9 53
acid

2012 Ethanol Air 20 25 ~12 54

2014 Methanol Air 40 25 10.7 55

2015 Ethanol Air 20 R.T. 6.6 56

2019 Methanol Air 100 60 9.3 57

2022 E-fuel Air 10 23 26.4 This
work
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Chapter 4 Operation of fuel cells using hydrogen peroxide as oxidant
4.1 Introduction

Depletion of resources and energy crisis in tandem with the increase in
global population are undoubtedly some of the threatening challenges in our
modern society. To significantly cut down the massive energy dependence
on the limited and inefficient fossil fuels as well as their corresponding
greenhouse gas emissions, the development and use of clean and renewable
power sources are now of increasing importance and thus remain as one of
the ultimate targets for researchers and scientists across the globe [1,2]. Over
the years, fuel cell technology has emerged as an efficient and
environmentally friendly energy conversion option as it converts the
chemical energy available in fuel directly to electrical energy. Beginning
with the use of hydrogen, a chemical energy carrier, hydrogen fuel cells
have received a broad array of applications, including the transport sector.
However, the high-pressure requirement, safety and flammability issues,
storage as well as transport difficulties of hydrogen seriously limit the
continuous application and large-scale deployment of hydrogen fuel cells
[3]. This therefore necessitated the needs to introduce and employ

alternative fuels for fuel cell systems.

Due to the modularity and flexibility of utilization of fuel cells, a number of
liquid fuels, including alcohols such as methanol and ethanol, have been
employed to operate fuel cells. These liquid fuel cells have also been
demonstrated to offer several benefits, including high energy density, high
safety, and easy storage, in comparison to hydrogen fuel cells [4,5].

However, the high catalyst cost, fuel crossover, short durability, limited
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energy efficiency, and low power density associated with these direct liquid
fuel cells later raised major concerns on the needs to utilize more efficient
liquid fuels towards improving the cell performance. In response to this, the
idea of using an electrically rechargeable liquid fuel (e-fuel) was recently
proposed [6] and is currently receiving an increasing research attention.
Interestingly, both organic and inorganic materials were stated as
prospective and suitable candidates to produce e-fuels. Subsequently, an e-
fuel solution which contains vanadium ions dissolved in H>SO4 was used to
fuel the anode and thereafter showcased its promising capabilities for
running a fuel cell system [7,8]. Addressing the fuel issues prevalent in
hydrogen and alcoholic fuel cells, the use of this e-fuel offers several
advantages including the elimination of catalyst material at the anode,
thereby reducing the fabrication cost of the cell. This particular e-fuel has
therefore been demonstrated to possess excellent potential and fascinating

properties to remain dominant over a long term in fuel cell applications.

Generally, an oxidant is required at the cathode of fuel cells. Gaseous
oxygen or ambient air has been mostly employed for this purpose. However,
their utility and performance are largely limited in air/oxygen-free
environments and similar special conditions, such as space propulsion, and
underwater power systems. As an alternative and a realistic oxidant,
hydrogen peroxide (H20>) has been demonstrated to be workable in fuel
cells under the above-mentioned air-independent systems and for high
power applications. In addition, the use of H>O» offers a number of
advantages compared to oxygen [9,10]: (i) significantly increases the

theoretical voltage of the fuel cell, (i1) offers low activation loss due to two-
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electron transfer, (iii) avoids water flooding issue and simplifies heat
removal as a result of its intrinsic liquid phase, (iv) offers higher current
density due to its higher mass density compared to gas, and thus ultimately
improves the performance of the fuel cell. Following these intriguing
advantages, H>O> has been employed as oxidant in the operation of fuel

cells.

Interestingly, the reduction reaction of H>O» can occur in either acidic or
alkaline media [9]. However, to achieve high fuel cell performance, the
reduction reaction is mostly preferred in acidic media as a result of its
inherently higher potential (1.78 V) in comparison to alkaline media (0.87
V). In addition, hydrogen peroxide is less stable in alkaline solution leading
to its high decomposition rate [9,10]. Conversely, the addition of sulfuric
acid stabilizes the H>O> solution and also enhances its electrochemical
reduction [9]. While various fuels, including hydrazine [11] and ethylene
glycol [12], have been paired with hydrogen peroxide for fuel cell
operations, sodium borohydride is the mostly used fuel in H>O»-based fuel
cells with numerous studies, including the development of anode [13, 14]
and cathode electrocatalysts [15,16], and bipolar interface membrane
electrode assembly [17,18] with the aim to enhance the performance of the
fuel cells. However, the toxic nature and safety concerns regarding the
hydrogen evolution of the borohydride solution and the undesired disparity
between the pH environment of the alkaline electrolyte at the anode and
acid-based oxidant at the cathode have largely constrained the

commercialization of direct borohydride/H>O> fuel cells.
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Herein, the operation as well as the performance of H,O»-based e-fuel cell,
as it combines an all-aqueous reactant and the superior advantages of both
e-fuel (as anolyte) and H,O; (as catholyte), is experimentally examined. The
hydrogen peroxide aqueous solution used at the cathode is, however,
directly acidified using sulfuric acid. The experimental investigation of this
novel e-fuel/hydrogen peroxide fuel cell produced a peak power density of
1456.0 mW cm™at 60 °C, which is 70% higher than the use of oxygen (857.0
mW cm™) [7], and also indicates a maximum current density exceeding
3000 mA cm™. Such impressive performance not only outshines the e-fuel
cells receiving oxygen as oxidant, but also exceeds many of the regular
direct liquid fuel cells whose oxidant is H>O,. The performance of the cell
by varying hydrogen peroxide concentration, sulfuric acid concentration,
vanadium ion concentration, operating cell temperature, Nafion membrane
thicknesses, and its constant-current discharge characteristics are also
investigated. The details of the experiment and the various results obtained

from the investigations are discussed in subsequent sections.

4.2 Operation principle of the cell
The operation principle of this e-fuel/H20: cell, schematically presented in
Figure 4.1, is simply described below:

At the anode, the e-fuel is oxidized as follows [7]:
V2t S V3t 4 en E, = —0.26 V vs. SHE (1)

At the cathode, the reduction reaction of the hydrogen peroxide is as follows

[12]:

~Hy0, + H* + e~ > Hy0 E.=178V  vs.SHE 2)
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The overall reaction of the e-fuel/H>0> cell is:

V2 4 =H,0, + H = V3* + Hy0 Eo =2.04V ()

Figure 4.1 The operation principle of the e-fuel/ H2O> fuel cell.

4.3 Experimental details

4.3.1 Membrane electrode assembly

For the membrane electrode assembly (MEA), a catalyst-free graphite-felt
electrode having a surface area of 4.0 cm? and treated by heating for five
hours in the air while subjected to a temperature of 500°C is used as the
anode. A pretreated Nafion membrane, adopting the preparation method as
reported before [19], of size 9.0 cm? is used for the experiment. A Pt/C
coated carbon paper of 0.50 mg cm™ loading produced by simply following
the procedure used in one of our previous studies [20] is used as the cathode.
Thereafter, these three aforementioned materials were assembled such that
the Nafion membrane is properly placed in the middle of the anode and the

cathode to achieve the MEA.
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4.3.2 Preparation of electrolytes

The anolyte, known as the e-fuel, which fuels the anode was prepared as
follows. VOSO4 powder was first dissolved in HoSOs, the resulting solution
was thereafter subjected to a charging process in a classic flow cell as
described before [21]. The catholyte, which is mostly referred to as oxidant
in this study, is also an aqueous solution simply prepared by mixing sulfuric
acid solution and hydrogen peroxide. After the preparation of both solutions,
a40.0 mL of both anolyte and catholyte was released into separate tanks for

storage and in readiness for the cell operation.

4.3.3 Fuel cell set-up and instruments

The devices set-up for this experimental study is presented in Figure 4.2. A
peristaltic pump was assigned to each side of the cell to circulate the
electrolytes through the cell. A temperature controller device (Anthone
Electronic Co. Ltd., China) which has two heating rods was later inserted,
each for heating the anode and cathode sides, and thermocouples for
monitoring the temperature of the cell was also employed during the cell
operation. The various experimental tests reported in this study were
performed and recorded using a fuel cell testing system (Neware

Technology Limited, China).
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Figure 4.2 Experimental set-up for the e-fuel/hydrogen peroxide cell [21].

4.4 Results and discussion

4.4.1 General cell performance

The general performance of this H2O2-based fuel cell is presented in this
section. The anolyte delivered into the cell is composed of 1.5 M V> in 4.0
M H2SO4 while the catholyte is a combination of 4.0 M H202 in 1.0 M
H>SO4. Both anolyte and catholyte are pumped into the cell at a flow rate of
50.0 mL min™'. The operating temperature of the cell is set at 60 °C. Under
such an operating condition, the cell achieved a peak power density of
1456.0 mW cm™ and an open circuit voltage of 1.09 V as shown in Figure
4.3a. The peak power density of this HoO»-based fuel cell demonstrates an
impressive improvement in comparison to previous studies where
oxygen/air are employed as oxidant in the demonstration of the e-fuel cell
at 60 °C as presented in Table 4-1. The considerable performance

enhancement can be majorly attributed to the several benefits, including
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higher theoretical voltage and lower cathode overpotential, of utilizing H>O»

as oxidant in the fuel cells.

Figure 4.3 (a) General performance of the H>O»-based fuel cell and (b)
Comparison of power density with data obtained from the open literature

for direct liquid fuel cells that employed H>O> as oxidant.

In comparison to direct liquid fuel cells that also employed hydrogen
peroxide as oxidant, the performance of this H>O»-based e-fuel cell also
substantially outperforms them all as presented in Figure 4.3b and Table
4-2. For instance, a hydrazine/H>0: fuel cell demonstrated at 60 °C could
only achieve a peak power density of 780 mW cm™[11], which is about half
of the peak power density attained by the H>O»-based fuel cell in this study.
Even at a higher operating temperature (80 °C), the peak power density
exhibited by the hydrazine/H,O> fuel cell is 1020 mW cm™ which is still
lower than that of the e-fuel/hydrogen peroxide fuel cell. The widely studied
direct borohydride/H>0O- fuel cell demonstrated at 70 °C has been reported
to achieve a peak power density of 890 mW cm™ after introducing bipolar
interface membrane electrode assembly [22]. In another research group, the
direct borohydride fuel cell with H>,O» as oxidant exhibited a peak power

density of 685 mW cm™ at an operating cell temperature of 60 °C [23].
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Elsewhere, the direct borohydride/H>O» fuel cell demonstrated similar
performance at 60 °C to yield a peak power density of 680 mW cm™ [24].
To the best of our knowledge, the peak power densities achieved by other
fuel cells that employed H20; as oxidant all fall below 700 mW cm, which
further justify the superiority of this e-fuel/hydrogen peroxide fuel cell.
Regarding open circuit voltage, the result achieved from this H,O»-based
fuel cell is not only lower compared to when the cell was fed with oxygen
at the cathode, but also lesser than its theoretical voltage. The voltage drop
can be ascribed to the decomposition of the H>O: to produce oxygen at the
cathode which in turn decreases the cathode potential [12]. Moreover, the
crossover of reactants from both sides of the cell, as both reactants are in
liquid phase and can penetrate the Nafion membrane, can also reduce the
open circuit voltage. In particular, the crisscross of the fuel to the cathode
can cause large loss in the cathode potential because of mixed potential.
While these issues are suggested to be addressed in future studies to increase
the open circuit voltage, the impressive peak power density demonstrated
by this e-fuel/hydrogen peroxide fuel cell positions it as a promising power

generation system for air-free and high-power applications.

4.4.2 Effect of the hydrogen peroxide concentration

Concentration is generally considered to be of significant influence on the
rate of decomposition of H>O,. Hence the effect of H,O> concentration on
the performance of this fuel cell is examined in this section. Here, various
H>O> concentrations varying from 1.0 to 6.0 M are considered with the
concentration of the H>SO4 set as 1.0 M for the oxidant while the e-fuel

solution at the anode is composed of 1.5 M V2" in 4.0 M H,SOs4. Figure 4.4
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displays the cell performance obtained from the investigations at an
operating temperature of 60 °C. As it can be seen, an upgrade in the
performance of the cell is achieved all through the current density range
when the H20O; concentration is first increased from 1.0 M to 2.0 M. With
an increase in the H>O» concentration to 4.0 M, the cell performance was

not only further enhanced but also displayed the highest performance.

Figure 4.4 Effect of the hydrogen peroxide concentration on the cell

performance.

The commensurate increase in the cell performance with increase in the
hydrogen peroxide concentration is majorly due to the enhanced mass
transport of the reactive species at the cathode which consequently reduces
concentration polarization loss and further improves the cell performance
[20]. A further increase in the hydrogen peroxide concentration to 6.0 M,
however, decreases the cell performance below that of 4.0 M at all the
current density regions. The general decrease in the performance of the cell
when the H>O; concentration was increased to 6.0 M can be said to be from
the competitive adsorption that happens between H>O, and H' on the

reactive spots of the cathode as a result of redundant H>O, [12]. This
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therefore facilitates the undesired concentration loss of H' and also
heightens the internal resistance within the cell. In comparison to
concentration at 2.0 M, the obtained cell voltage at the use of 6.0 M is also
seen to fall below that of 2.0 M at the low current density regions and later
increases above that of 2.0 M at higher current densities. At low current
density, the reduced cell voltage can be attributed to higher crossover rate
of hydrogen peroxide to the anode as the membrane is permeable to
hydrogen peroxide [25]. The hydrogen peroxide that crossed over to the
anode can react with the e-fuel and result to mixed potential at the anode
which could raise the anode overpotential and hence decrease the cell
voltage. At higher current density range, the reduced concentration loss as a
result of high hydrogen peroxide concentration could be considered to have
compensated for the mixed potential at the anode and thus only upgrade the
cell performance above that of H>O: concentration at 1.0 and 2.0 M but not
that of 4.0 M. Overall, increasing the H2O> concentration to 6.0 M is not
beneficial to the cell voltage and its general performance, which therefore
position an H>O> concentration of 4.0 M as the optimal value to yield the

best performance for the operation of this fuel cell.

4.4.3 Effect of the sulfuric acid concentration

In this study, the hydrogen peroxide used at the cathode is directly acidified
using sulfuric acid. The concentration of the H>SO4 added to the hydrogen
peroxide aqueous solution would definitely influence the properties of the
oxidant at the cathode and thus the overall performance of the cell. We
therefore investigate the influence of the sulfuric acid concentration on the

cell performance in this section. Here, the e-fuel is composed of 1.5 M V2

64



in 4.0 M H>SO4 while 4.0 M H,O» with varying sulfuric acid concentrations
from 0 to 3.0 M are used as the oxidant. The cell performance derived from
this investigation at an operating temperature of 60 °C are presented in

Figure 4.5.

Figure 4.5 Effect of the sulfuric acid concentration on the cell performance.

At first, the cell was tested using a pure hydrogen peroxide solution, without
adding sulfuric acid, as oxidant. It is seen that the cell performance obtained
is very low with a peak power density slightly above 400 mW c¢cm™. With
the addition of 1.0 M H>SO4 to the H>O: solution as the catholyte, the peak
power density is seen to dramatically increase and exhibit the highest
performance of the cell. The explanation for this is that the presence of
sulfuric acid results in higher concentration of H" at the cathode and also
enhances its transport to the reactive area in the cathode catalyst layer,
thereby accelerating the reduction reaction of the hydrogen peroxide [26].
Following this, the kinetic loss of the reduction reaction at cathode is
reduced while the cathode potential and cell performance are improved.
Afterwards, as the sulfuric acid concentration was further increased to 2.0

and 3.0 M, it can be seen that higher concentration of sulfuric acid does not
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offer improvement to the cell performance but rather a decrease throughout
the whole current density regions. The decrease in the cell voltage and
power density with increase in the concentration of HoSO4 can be attributed
to the blocking of the reactive area by the excessive sulfuric acid which leads
to insufficient presence of H>O: in the catalyst layer leading to its
concentration loss at the cathode thereby degrading the cell performance
[12,22]. In addition, higher concentration of sulfuric acid increases the
catholyte viscosity which also impedes the transport of the reactants and in
turn increases ohmic loss and degrade the cell performance [27]. The fuel
cell therefore attains its best performance when the concentration of the

sulfuric acid employed to acidify the hydrogen peroxide is 1.0 M.

4.4.4 Effect of the vanadium ion concentration

The effect of vanadium ion concentrations on the cell performance is also
explored. In this case, the concentration of the H2SO4 in the anolyte is
maintained at 4.0 M while various vanadium ion concentration of 0.1, 0.5,
1.0, and 1.5 M are used. The composition of the solution pumped into the
cathode is 4.0 M H20; in 1.0 M H2SO4. The various polarization and power
density curves obtained from this particular test at 60 °C are shown in Figure
4.6. As it can be viewed, performance of the cell significantly improve all
through the current density range when the vanadium ion concentration is
increased from 0.1 M to 1.5 M. In more details, with the first increase of the
vanadium ion concentration from 0.1 M to 0.5 M, the open circuit voltage,
peak power density, and maximum current density of the cell is observed to
increase from 0.75 V, 145.3 mW cm?, and 660 mA cm™ to 0.89 V, 701.9

mW cm™, and 2550 mA cm, respectively.
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Figure 4.6 Effect of the vanadium ion concentration on the cell performance.

With a further increase of the vanadium ion concentration to 1.0 M and 1.5
M, it can be seen that the maximum current density of the cell apparently
exceeds 3000 mA cm™ in both cases. Nevertheless, the highest performance
of the cell with a peak power density of 1456.0 mW cm is achieved at a
vanadium ion concentration of 1.5 M. The cell performance significantly
improves with the increase of the vanadium ion concentration due to the
increase in the amount and delivery of the reactive species to the active sites
of the anode. This therefore enhances the mass transport of the reactant at
the anode which beneficially lowers concentration loss [28]. Moreover, the
increase of the vanadium ion concentration boosts the reaction kinetics at
the anode which in turn reduces activation loss and augments the cell
performance. However, it is undeniable that the increase of vanadium
concentration would also increase the fuel viscosity and thereby limit the
mass transport of the reactants and eventually deteriorate the cell
performance [27]. Within the range tested in this study, however, a higher

vanadium concentration up to 1.5 M yields the best performance.

67



4.4.5 Effect of the membrane thickness

Membrane is an indispensable element in fuel cell design which not only
serves as a medium for ions transport between the two sides of the cell but
also prevents reactants crossover. Nafion series have been mostly
considered and adopted in the operation of fuel cells due to the excellent
chemical stability in addition to the high proton conductivity of these
membranes. A number of Nafion membranes — 117, 115, 212, and 211 are
therefore incorporated into the setup of this cell. The effects of these
membranes, particularly their thickness — 183.0, 127.0, 50.8, and 25.4 um,
respectively, on the performance of the cell at 60 °C are examined and the
results are depicted in Figure 4.7. It is seen that the general performance of
the cell increases with the decrease in the thickness of the membranes used
in the cell operation. In terms of their peak power density, Nafion 117, 115,
212, and 211 membranes exhibit 615.13, 665.94, 1039.56, and 1456.0 mW
cm?, respectively. With the use of Nafion 211, the thinnest membrane, the
cell achieves a peak power density of 1456.0 mW c¢cm which is more than
twice the peak power density (615.13 mW cm™) with the use of the thickest
membrane, Nafion 117, in the cell. In addition, the maximum current density
observed when the cell uses the thin membranes (Nafion 212 and 211) is
apparently beyond 3000 mA cm™ while the maximum current density
realized with the use of thick membranes (Nafion 117 and 115) are lower at

2100 and 2325 mA cm, respectively.
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Figure 4.7 Effect of the membranes thickness on the cell performance.

The decrease in the cell performance as the membrane thickness increases
can be explained by the higher internal resistance associated with thick
membranes which often results in voltage loss [29]. However, the thick
membranes are considered to be more suitable to prevent the crisscross of
reactants to avoid mixed potential [7]. In other words, the use of thinner
membrane leads to species crossover and cause mixed potential which could
reduce the cell voltage. As seen in Figure 4.7, the cell voltage achieved at
the low current density range with the use of Nafion 211, the thinnest
membrane, is initially lower than others which can be ascribed to the
crossover reactants. The thicker membranes therefore attain better
performance in the low current density regions while the thinner membranes
perform better at the high current densities. Overall, these findings suggest
that the high internal resistance associated with thick membranes overrides
the effects of species crossover on the cell performance to produce the best
performance with the use of Nafion 211. This therefore justifies the use of
thinner membranes, such as Nafion 211, for cell operations where high

power density is of paramount importance.

69



4.4.6 Effect of the operating temperature

Operating temperature is a crucial parameter that is generally considered for
the design and demonstration of liquid fuel cells. The operating temperature
not only reflects the thermal range of the fuel cell and its various
components but also reflects their thermal behavior and thereby provides
useful insights on their thermal management. Furthermore, the chemical
decomposition of the H2O> used as the oxidant in this fuel cell is highly
influenced by temperature and considered to be alleviated at lower
temperatures [9]. This section therefore examines the performance of this
H>0»-based fuel cell under various operating temperature. The outcome of
the investigation as displayed in Figure 4.8 clearly shows that both the cell

voltage and power density increase in tandem with the temperature.

Figure 4.8 Effect of the operating temperature on the cell performance.

Starting with the operation of the cell at room temperature, taken as 23 °C,
a peak power density as high as 1033.6 mW cm is achieved. On increasing
the cell temperature to 40 °C, the peak power density of the cell increased
by 12 % to reach 1157.6 mW c¢cm™. The investigation of the cell performance

at an operating temperature of 60 °C yields a peak power density of 1456.0
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mW cm which is about 26 % higher than that of 40 °C. Increasing the cell
temperature enhances the transport of the fuel and the delivery of H,O; to
their electrochemical reactive spots and further increases product removal
rates, which beneficially reduces concentration loss [30]. In addition,
activation loss of the cell is significantly lowered as the temperature of the
cell increases due to the improvement in the electrochemical kinetics of the
electrodes. Furthermore, an increase in the temperature boosts the
conductivity of the membrane which thus lessen the undesired ohmic loss
within the cell and ultimately improves the cell performance [7]. However,
a further raise of the operating temperature from 60 °C to 80 °C could barely
offer significant cell performance improvement as it can be seen in Figure
4.8. Such a high operating temperature speeds up the violent decomposition
of H,O» to oxygen, which consequently lowers the cathode potential [12].
Moreover, the cell is predisposed to severe reactant crossover at higher
temperatures which degrades the electrode potential and thus deteriorates
the cell performance [30]. Following this, 60 °C is considered as the optimal

temperature suitable for the high performance of this cell.

4.4.7 Constant-current discharge behavior

The purpose of the constant-current discharge test is to evaluate the
performance of the fuel cell similar to its real-life applications. In this study,
the constant current discharge test is conducted at 50, 100, and 200 mA cm”
2 under an operating temperature of 60 °C. Results from the constant-current
discharge test are further used to calculate the Faradic, voltage, and energy
efficiencies of the cell. As shown in Figure 4.9a, it is clear that the voltage

plateau and the discharge capacity of the cell increases with the constant
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current. This therefore produced voltage efficiency of 46.7%, 47.8%, and
47.5%, under the three different currents considered as shown in Figure
4.9b. In addition, the discharge capacity of the cell under these three
constant currents are 1.92, 6.67, and 12.5 Ah L', respectively, which clearly
increases with the constant currents. Such results thus demonstrate the
increase of the constant discharge current could enable a better utilization
of the reactants, where the energy efficiency of the cell, as shown in Figure
4.9b is also seen to increase from 2.3 % to 14.7 % as the operating current
is increased from 50 to 200 mA cm™. Even though there is room for the
improvement of the energy efficiency, this trend suggests that the cell has
potential for higher energy efficiency when subjected to higher constant

current.

Figure 4.9 (a) Constant-current discharge performances and (b) Efficiencies
of the cell under three different current densities — 50, 100, and 200 mA cm’
2.

Furthermore, to ascertain the ability of this system for long-term operations,
it was refueled for 10 times while discharging at a constant current of 10
mA cm under an operating temperature of 60 °C (Figure 4.10) proving its

good stability. However, during the cell operation, the e-fuel and hydrogen
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peroxide could penetrate the membrane to the opposite side leading to the
corrosion of the electrodes which in turn degrade the cell performance and

thus require careful attention.

Figure 4.10 Durability of the cell showing its discharging behavior after

refueling for 10 times.

4.5 Summary

This study presents the operation and performance of a high-performance
H>0O»-based fuel cell for application in air-tight environments. As an
alternative oxidant, instead of oxygen or ambient air, hydrogen peroxide is
used at the cathode. The results obtained from the experimental study show
that the application of H>O, as oxidant substantially bolsters the
performance of the cell to achieve a peak power density of 1456.0 mW cm’
2 at 60 °C and a maximum current density which exceeds 3000 mA cm™.
This impressive performance not only outperforms the e-fuel cell fed with
oxygen as oxidant but also exceeds most of the regular direct liquid fuel
cells that also employ H>O» as oxidant. Further investigations reveals that
the cell performance increases with H>O» concentration till 4.0 M, above

which the performance starts to drop. Acidifying the H>O, with sulfuric acid
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concentration of 1.0 M yields the best cell performance. As for the vanadium
ion, increasing its concentration from 0.5 M to 1.5 M contributes to the
improvement of the cell performance. An operating temperature of 60 °C is
considered suitable for the operation and high performance of this cell.
Nafion 211 is demonstrated as the most suitable membrane for the cell
operations as high-power density is of paramount importance for aerospace
propulsion and underwater power systems. This study thus provides
stimulating insights for future investigations towards improving the design
and operating condition of this e-fuel/H>O; fuel cell for advanced operations

and applications.
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Tables

Table 4-1. Performance comparison with previous e-fuel cells using

different oxidants.

Cathode Peak
Year Fuel | Membrane | Oxidant Teomp. catalyst_ pow?r Ref.
°0) (mg cm density
?) (mW cm)
Nafion . Pt/C
2021 | E-fuel 117 Air 60 (0.5) 199.5 31
Nafion Pt/C
2021 | E-fuel 11 Oxygen 60 (4.0) 857.0 7
Nafion Hydrogen Pt/C This
2022 | E-fuel 11 peroxide 60 (0.5) 1456.0 work
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Table 4-2. Performance comparison of direct liquid fuel cells that employed

H>0; as oxidant.

Tem Cathode I:)evi'l::(r
Year Fuel Membrane o P Catalyst L Ref.
0 (mg cm?) density
& (mW cm™)
Sodium Pd
2009 borohydride Nafion 112 60 0.1) 680 24
Sodium Nafion Pt/C
2009 borohydride | membrane 80 (1.8) 410 32
2010 Hydrazine | Nafion 112 80 ?lu i)? 1020 11
Sodium
2010 borohydride Nafion 117 22 Pt 470 33
Sodium Pd
2010 borohydride Nafion 212 60 (1.0) 665 24
2011 | Ethanol | Nafion 117 | 60 Pg\g/)c 240 35
2011 Ethanol Nafion 211 60 (IZ[/(% 360 20
Sodium Pd/C
2011 borohydride Nafion 117 70 (1.0) 589 36
2011 |  Ethanol | Nafion117 | 60 ‘E“l“g 200 25
2012 | Hydrazine | Nafion 115 | 80 (Pot/ IC) 195 37
Sodium Chitosan
2012 borohydride hydrogel 60 Pd 685 23
Pt/C
2013 Formate - 25 (1.0) 4.9 38
Sodium Nano porous
2013 . Nafion 212 80 gold leaves 390 39
borohydride
(0.12)
2014 Ethanol A201 80 AE?EI)A 160 40
2014 Formate Nafion 115 60 (P;/g) 331 41
2014 Ethanol Nafion 117 60 - 450 42
Sodium Bipolar Pt/C
2014 1 4 orohydride | junction 70 (1.0) 110 18
2015 | Formate | Nafion115 | 60 (Pzt/ g) 591 43
2015 | Methanol | Nafion 115 | 60 PB/CNT 125 44
(20.0)
Pt/C
2016 Formate A201 40 (2.0) 23 45
. Pt/C
2018 Hydrazine | Nafion 117 60 (0.5) 204.8 46
Ethylene Au/C
2018 alycol Nafion 212 80 (2.66) 115.3 12
Sodium Pt/C
2019 borohydride Nafion 117 25 (0.3) 275 13
Ethylene Au/C
2019 alycol Nafion 211 60 (2.66) 65.8 26
Sodium Bipolar Pt/C
2019 borohydride junction 70 3.0 630 17
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Peak

Tem Cathode ower
Year Fuel Membrane e C)p Catalyst (i)ensi ¢ Ref.
(mg cm?) *
(mW cm™)
Ethylene Au/C
2020 alycol Nafion 211 60 (2.66) 120 47
Sodium Bipolar Pt/C
2020 borohydride interface 70 (1.0) 446 48
2020 Methanol Nafion 115 85 (g},g]) 20.5 49
Sodium Bipolar Pt/C
2020 borohydride interface 2 (3.0) >80 >0
Sodium Bipolar Pt/C
2020 borohydride interface 70 (3.0) 890 22
2021 | Hydrazine | Nafion117 | 60 (P()t/sc) 21671 | 51
. Pt/C
2021 Hydrazine Nafion 117 60 (0.5) 148.58 52
Sodium Au-Ni/
2021 odium Nafion 212 50 MWCNTs 279.5 15
borohydride (1.0)
Sodium Bipolar Pt/C
2021 borohydride interface 25 (3.0 466 >3
2022 | Efuel | Nafion211 | 60 pue 14560 | Ihis
(0.5) work
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Chapter 5 Mathematical modelling of e-fuel cells

5.1 Introduction

The quest for carbon-neutral energy options, in lieu of the inefficient and
exhaustible conventional energy sources, has stimulated and accelerated the
utilization of renewables as promising alternative to match up with the ever-
increasing energy demands of the modern world [1-4]. Consequently,
several power generation systems have been developed, explored, and
deployed to supply efficient and reliable electricity for end use [5-8].
Notably is the fuel cell technology, which involves the conversion of fuels
to electricity, identified to be among the promising power generation
systems. This therefore led to the introduction and embracement of
hydrogen fuel cells for diverse energy-related applications including electric
vehicles [9-13]. Safety and energy efficiency concerns among other
limitations of utilizing hydrogen as fuel, however, continue to reduce the

suitability and competitiveness of hydrogen fuel cells.

Recently, a novel concept which involves energizing fuel cells with an
electrically rechargeable liquid fuel (e-fuel), in lieu of hydrogen and liquid
alcohols, was introduced [14]. Potential materials for the production of such
e-fuel were mentioned to include inorganic and organic materials, as well as
suspension of particles. Following this, vanadium ions dissolved in
sulphuric acid has been employed as an e-fuel at the anode to demonstrate
the operation and performance of e-fuel cells [15]. To further boost the
performance of the e-fuel cell and more importantly realize its application

in airtight environments, hydrogen peroxide (H202) has also been
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considered as an alternative oxidant, in place of gaseous oxygen or ambient

air [16].

The physicochemical processes involved in the operation of these e-fuel
cells include the transport of various charged species; transport of ionic and
electronic current through the porous media; transport of ionic current
through the membrane; and the electrochemical reactions on the active
surface [17]. To better understand and garner more insights on the complex
and highly coupled fluid flow, mass/charge transport processes, and
electrochemical reactions which take place within the multi-layer porous
structure of these e-fuel cells, mathematical modeling of is of paramount
importance. In addition, modeling provides platform not only to explore the
complex phenomena of the multi-variable cell components but also to
optimize their design and operating parameters. In the open literature,
Wandschneider et al. developed a two-dimensional model for a vanadium
oxygen fuel cell [18]. Their modeling geometry, however, considered two
membranes and an intermediate chamber between the anode and cathode
half-cells. Apparently, this is not a typical fuel cell structure and may not be
considered suitable to describe the transport behaviors and the simulation of
the cell performance under real conditions and applications. Chen et al. also
developed a one-dimensional model for a vanadium/oxygen redox fuel cell
[19], which was achieved by simplifying the complexity of some
phenomena that occur in the fuel cell system. Hence, the multi-dimensional
effect of fluid flow and mass transport particularly at high current densities

are not obtainable from the model.
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In this chapter, a two-dimensional mathematical model to describe the
transport behaviors and predict the performance of the e-fuel cell is
presented using the actual structure of an e-fuel cell, eliminating catalyst and
diffusion layers at the anode. The model is first developed for the e-fuel cells
using pure oxygen as oxidant. Afterwards, the modeling framework is
extended to e-fuel cells that employ hydrogen peroxide as oxidant, where
mixed potential is considered in the cathodic reactions. The model involves
fluid flow and species transport integrated with the involved
electrochemical reactions. The mathematical model for both cells are
thereafter validated by experimental data and the comparison shows a good

agreement.

5.2 Model formulation

5.2.1 Physicochemical processes

The domain structure of the e-fuel cell as shown in Figure 5.1 basically
consists of a proton exchange membrane placed between an anode and a
cathode. The anode is a porous medium, while the cathode consists of a
catalyst layer and a diffusion layer. During the operation of the cell, the e-
fuel containing vanadium ions is directly fed into the anode flow channels.
The e-fuel is thus transported to the matrix surface of the anode where the
anodic reaction takes place. The electrochemical reaction at the anode is

given as [20]:
V2t S V3t fen E? = —0.26 V vs. SHE (D)

The consumption of V" at the anode during the oxidation reaction results

in concentration gradients of the reacting species as the bulk e-fuel flows
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from the channels to the surface of the anode. During the anodic reaction,
electrons and protons are also released and transported to the cathode

through an external electrical circuit and the membrane, respectively.

At the cathode side, the oxidant is supplied through the flow channels and
directly flows through the cathode diffusion layer to the cathode catalyst
layer. At the cathode catalyst layer, the oxidant reacts with the electrons and

protons, arriving from the anode.

With the use of oxygen as oxidant, the oxygen reduction reaction (ORR) at

the cathode is as follows [20]:

20, +e” +H* 5 -H,0 E? = +1.23 V vs. SHE )
The overall electrochemical reaction occurring in the e-fuel cell is:

V3 420, + 4HY S V3 4 oH,0 0 =149V 3)

For the e-fuel cells using H>O; as oxidant, the hydrogen peroxide reduction

reaction (HPPR) at the cathode is [21]:
H,0, + 2H' + 2e™ - 2H,0 Ejppr = 1.78 V vs. SHE 4)

It is worth to mention that at such high potential of HPPR, hydrogen
peroxide oxidation reaction (HPOR) can also occur at the cathode as follows

[22]:

H,0, - 0, + 2H* + 2e~ Efpor = 0.69V vs. SHE (5)
The overall reaction of the e-fuel/H>O; cell is:

V2t + H,0, + 2H* - V3t + 2H,0 E® =204V (6)
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Figure 5.1 (a) Schematic of the 3D domain for e-fuel flow at the anode; (b)

Schematic of the 2D domain for the e-fuel cell.

5.2.2 Model simplifications and assumptions

To simplify the computational modeling of the physicochemical processes
that take place in the e-fuel cell, the following assumptions are taken into
consideration:

1. Isotropic and homogeneous properties are assumed for the porous anode,
membrane, and cathode.

2. Dilute-solution approximation describes the species transport at the
anode, hence interactions among the ions in the e-fuel solution are
neglected.

3. The e-fuel cell operations are assumed to be at steady-state conditions.
4. The e-fuel flow at the anode is taken as incompressible.

5. The crossover of the e-fuel, oxidant, and water via the membrane are not

considered.
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6. Side reactions are also ignored.

5.2.3 Computational domains

At this initial stage, many parameters which influence the performance and
optimization of the e-fuel cell are yet to be numerically investigated.
Therefore, applying a complex geometric dimensionality, such as 3D for the
whole study, at this stage may not be suitable due to the significant
computational time and huge computing facility required. Nonetheless, a 3D
computational domain, shown in Figure 5.1a, is developed for the fluid flow
process in the serpentine flow channel (2 cm x 2 cm) of the anode to obtain
the pressure distribution of the fluid particularly in the flow channel.
Thereafter, a 2D model is developed to capture the working principle of the
whole e-fuel cell. Figure 5.1b shows the schematic of the 2D domain

employed for the e-fuel cell in this study.

5.3 Governing equations

5.3.1 Anode compartment

5.3.1.1 Fluid flow

The flow of the e-fuel in the single serpentine flow channel is described by
Navier—Stokes equation while the flow in the porous anode is governed by

Brinkman equation as follows [23]:

p(B-V)B =V-[=PI + u(Vi + (V¥)1)] (7)
1 - - u - — 2[«! — U -

Sp(B- V)% =V- [Pl +£ (Vi + (vO)")| - LV(V-5)I - £5 (8)

The permeability, k, of the anode is described by Kozeny-Carman equation:

d?e3
T 180(1-¢)2

©)
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Where d is the fibre diameter of the porous anode.
It is worth to mention that no specific boundary condition was formulated
at the flow channel and the anode interface as a result of the mass and

momentum continuity applied at this interface:
pV-v=0 (10)

5.3.1.2 Mass transport

The mass transport at the anode of the e-fuel cell majorly involves the
transport of the various charged species (i = V**, V', H*, and SO3~) through
the porous anode. The transport of each specie, i, is described by Nernst-
Planck equation, where transport resulting from the interactions among the
ions is ignored, such that the molar flux, ﬁi, of each specie in the porous

anode is given as [24]:
N; = —=DVe; — zicu FV®,, + Bc; (b

The effective diffusion coefficient, Df T of each specie according to

Bruggemann correction is expressed as:
Dleff — Sl'SDi (12)

Where D; is the diffusion coefficient of species.

The effective mobility, u;, of each specie according to Nernst-Einstein

eff
Di

equation in relations to the effective diffusion coefficient, ,1s given as:
_ o
U = —— (13)

The conservation of mass for each charged specie in the porous anode at

steady state is given as [25]:
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Where the electrochemical reaction source term, S;, for the electroactive

species is given as:
Si =~ aaja (15)

Where v; is the stoichiometric coefficient of each electroactive specie
participating in the electrochemical reaction at the anode such that v; is 1
and -1 for V2% and V37, respectively (Equation 1), and j, is the local current

density at the porous anode.

5.3.1.3 Charge transport

The e-fuel solution, a mixture of vanadium ions and sulfuric acid, fed into
the anode compartment of the e-fuel cell is considered to be electrically
neutral such that the concentration of SO%~ from the dissociation of the
sulfuric acid can be described by an electroneutrality condition as follows

[24]:
2izi¢i =0 (16)

The anode is subjected to both ionic and electronic conductions for the
purpose of charge transfer between the anode and the e-fuel. Hence the
charge leaving the e-fuel is expected to be balanced by the charge that is

entering the anode according to charge conservation expressed as [26,27]:

V- ?a,l =-V- i)a,s = Qgjq (17)
Where the total ionic current, V - 7a,z; due to the transfer of ions, i, in the e-

fuel is expressed as:
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g1 = F Y, zN, (18)

The electronic current, V - T, 5, in the porous anode described by ohm’s law

is expressed as:
?a,s = _O-(ffs‘fv@a,s (19)
Where @, ¢ is the electric potential of the anode.

The effective electrical conductivity, a(fgf , of the anode is calculated

according to Bruggemann correction expressed as:
Oak = (1= )"y, (20)
Where g, ; is the electrical conductivity of the anode.

5.3.2 Membrane

In this study, the proton exchange membrane is assumed to be permeable to
only protons. Generally, membrane allows ionic but not electronic
conduction, hence only ionic current exists in the membrane. The ionic
current vector in the membrane, 7,,, is always in the direction of the proton
flux, according to Faraday’s law. However, current source is not produced
in the membrane since charge consumption or generation via
electrochemical reaction are not taking place in the membrane. The current

conservation in the membrane is therefore expressed as [28]:
Vl,=0 (21)

Due to the absence of fluid flow and the fact that electroactive species
crossover through the membrane is not considered in this model, the

transport of protons through the membrane resulting from migration,
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majorly driven by potential gradient, is represented by ohm’s law as follows

[29]:

Im = =0, VO, (22)
The flux of proton, N g+, through the membrane is therefore expressed as

[26]:

Ny+ = 2= -2V, (23)

Where o, and @,,, represent the ionic conductivity and ionic potential of the

proton exchange membrane, respectively.

5.3.3 Cathode compartment

5.3.3.1 Mass transport

A diffusion layer and a catalyst layer are considered as the porous media at
the cathode compartment of the e-fuel cell. Oxidant is delivered into the cell
at the cathode side through the flow channel to the diffusion layer and to the

surface of the catalyst layer where the reduction reaction takes place.

With the use of oxygen as oxidant, the pure oxygen is assumed to be
uniformly distributed at the cathode. Nonetheless, the cathode catalyst layer

is still subjected to both ionic and electronic conductions.

With the use of H>O» as oxidant, the mass transport of the species (i = H2O»

and H") at the cathode is described as [30]:
ﬁi = —DleffVCl + 1_7)Ci (24)

The effective diffusion coefficient, Die IT, of each specie according to

Bruggemann correction is expressed as [31]:
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Dieff — gl.SDi (25)

The conservation of mass for each charged specie at the cathode is given as

[22]:
V-N, =0 (26)

5.3.3.2 Charge transport

The charge conservation at the cathode is expressed as [32]:
V- z)c,l ==V i)c,s = Qecte (27)

Where a.; is the active surface area of the cathode catalyst layer, and j. is

the local current density at the cathode.
The ionic current, V.7, at the cathode catalyst layer is expressed as:
Tc,l = —0.,V0,, (28)

Where o is the ionic conductivity of the cathode catalyst layer and @ is

the ionic potential at the cathode.

The electronic current, V - 7., at the cathode catalyst layer described by

ohm’s law is expressed as:
i)c,s = _O-c,svwc,s (29)

Where o, 5 is the electrical conductivity of the cathode catalyst layer and

@ s is the electronic potential of the cathode.
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5.3.4 Electrochemical Kinetics

5.3.4.1 Anode

The electrochemical reaction that occurs at the interface between the anode
and the e-fuel solution is associated with the local current density, j,, and
activation overpotential, 1, of the anode. This interfacial reaction kinetic is
governed and mathematically expressed by the Butler-Volmer equation

given as [23]:
Ja = Fla(cS2e) ™ (c504) ™" [exp (all‘;—in“) — exp (— al;—l;n“)] (30)

The reference exchange current density, i 4, for the reaction at the anode is

given as:
ina = Fka(cs2e) ™ (cSae )™ G1)

Where k, is the rate constant of the anodic reaction, s is surface, a; 5 and
@, . 1s the anodic and cathodic charge transfer coefficient at the anode,

respectively.

The activation overpotential, n,, for the reaction at the anode is described

as:

Na = Bas — a1 — Eq" (32)
Where the anode potential, E,, is given as:

Eq =Pqs — Da, 33)

The equilibrium potential, E¢?, for the electrochemical reaction at the anode,

Equation (1), is determined using Nernst equation given as follows [24]:
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ES = EO + gln (Cﬂ) (34)

Cy2+

5.3.4.2 Cathode
For the e-fuel cell using oxygen as oxidant, a simplified Tafel equation is
used to describe the local current density, j., at the cathode catalyst layer as

follows [33]:

Jo = o [exp (%57 63)
The activation overpotential, 7., at the cathode is described as:

Ne = Bes— By — ES* (36)
Where the cathode potential, E, is given as:

Ec=0cs—0c, (37)

Where i, . is the reference cathodic exchange current density, a, . is the

cathodic charge transfer coefficient, and E; is the equilibrium potential at

the cathode.

For the e-fuel cell using H2O2 as oxidant, the local current density, j., is

described by Tafel equation as follows [22]:

H203 HY
ccl YuPRR Cca_ YHPRR u F
. o H70, H HPPR
JHPRR = lo,HPRR orer oref exp( RT TIHPPR) (38)
H3032 Ht

cl ref
pios =10 o > Co, (39)
HPRR 1 CI_C;;OZS C]:jgz
Cl ref
A L AR (40)
1 cih<
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The anodic current density from the HPOR at the cathode is given as [22]:

Jupor = NuporFkupor€Xp ( HZOR UHPOR) (41)

Where kypor and aypor are the rate constant and transfer coefficient of

HPOR respectively.

Due to the simultaneous electrochemical reactions at the cathode, involving
HPPR and HPOR, the consideration of mixed potential is necessary. The
interfacial reaction kinetics at the cathode is therefore defined by both the
cathodic current density of HPRR and the anodic current density resulting

from HPOR given as [33]:

Je = Juprr + JupPOR

H30; HT

ccl YuPRR Cca_ YHPRR “

=i H302 H HPPRF

= LoHPRR \ Grer e exp [ (Efprr — Emixed)] +
H302 Ht

F
NpporF kupor€Xp [aHPOR (Emixea — EI(-)IPOR)] (42)

Where Epiyeq is the mixed potential, Cf' is the specie concentration at
cathode catalyst layer, Cir °f is the reference concentration of specie, ¥ is the

reaction order with respect to species concentration, and E° is the theoretical

potential.

It is worth noting that ORR may occur at the cathode as oxygen is produced.
However, ORR and its corresponding current density are not considered in
this model as the cathodic current density resulting from this ORR is almost

equal to zero and therefore negligible [22]. The cathodic current density is
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thus assigned to only HPPR, which is justified by its faster kinetics, as a

result of its lesser electron transfer (two) compared to that of ORR (four).

5.3.5 Boundary conditions
5.3.5.1 Momentum balance
The boundary condition applied at the inlet and outlet of the 3D domain in

Figure 5.1a for the anode flow channel of both fuel cells is as follows [24]:

Where Q, is the volumetric flow rate of the e-fuel, and A is the cross-
sectional area of the flow channel.

In the 2D domain, pressure boundary condition is applied at each flow
channel. The value of each pressure used in the 2D model is the average
pressure obtained from each channel on the yz-planes as shown in Figure

5.1a from the 3D model of the fluid flow.

For the e-fuel cell using H2O; as oxidant, a 3D domain as shown in Figure
5.2 is also developed to model to flow of the hydrogen peroxide solution.
The boundary conditions in Equation (43) are also applied to the flow of

hydrogen peroxide solution at the cathode.
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Figure 5.2 3D domain for hydrogen peroxide flow at the cathode.

5.3.5.2 Mass balance
The concentration of the e-fuel at the outlet of the 3D flow channel in Figure

5.1ais determined as follows:

f 0 icellAcell
lye =0y, — leelfcel 44
U2+ U2+ FQa ( )

Where 05 .+ 1S the e-fuel concentration at the outlet, C32+ 18 the initial e-fuel
concentration at the inlet, and i 1s the applied current density, A..;; is the
area of the cell.

Hence, the overall concentration drop of the e-fuel, Ac,2+, in the 3D flow
channel is:

— 0 f _ lceiAcenl
ACv2+ = Cp2+ — Cv2+ = F—Qa (45)

The e-fuel concentration drop at each section of the channel in the 3D flow
model used in the 2D model is derived as follows:

Actsy = Acyor x% (46)
Where [ is the length of each section of the channel from the inlet of the 3D

flow model and L is the entire length of the 3D flow channel.
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Thus, the e-fuel concentration at each section of the channel is calculated

as:

l 0 l
Cp2+ = C 2+ — ACv2+ (47)

For the e-fuel cell using H>O> as oxidant, the concentration of the H>O, at
the outlet of the 3D flow channel in Figure 5.2 is determined as follows:

f _ .0 icellAcell
Ch202 = CH202 ~ ~ po (48)
a

Where cf,,, is the H2O2 concentration at the outlet, ¢, is the initial
concentration of H>O» at the inlet, and i..;; is the applied current density,
Acepp 18 the area of the cell.

Hence, the overall concentration drop of H2O2, Acy,0,, in the 3D flow
channel is:

— -0 f _ icellAcell
ACH202 = CH202 ~ Chzo2 = Fq (49)

The H20O: concentration drop at each section of the channel in the 3D flow
model used in the 2D model is derived as follows:

Achao; = Acyzo2 X+ (50)
Where [ is the length of each section from the inlet of the 3D flow channel
and L is the entire length of the 3D flow channel.

Thus, the H2O> concentration at each section of the channel is calculated as:

l — .0 l
Chz02 = Ch202 — AChz0z (51)

5.3.5.3 Charge balance

At the external boundary of the porous anode, the electric potential is taken
as zero:

Das =0 (52)
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The boundary condition of the flux at the interface of the porous anode and
the membrane is given as:

N;=0(i#H"

=
l

Ny+ = -2
H F

(33)

=~

At the porous anode and membrane interface, the ionic current density is
regarded to be continuous:

Vel =Vi, (54)
The ionic potential at the porous anode and membrane interface, is taken to
be continuous such that Donnan potential is not considered at this interface
as follows:

Dot = Dm (55)
Similarly, at the membrane and cathode catalyst layer interface, the ionic
potential is expressed as:

Der = O (56)
To maintain the charge conservation, the electronic current density from the
cathode is equal to the applied current density as follows:

log =1 (57)

At the cathode catalyst layer and cathode diffusion layer interface, the

boundary conditions for the species flux in relation to current density is

given as:
H07 . H0, .
N __ SHPRRJHPRR SupoRrJHPOR 58
Hy0; — + ( )
nygpprF nHporF
HY . HY .
N.+ = SHPRRJHPRR _ SHPORJHPOR (59)
H ngpprF ngporF
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Where s, j, and n are stoichiometric coefficient, current density, and number

of transferred electrons, respectively.

5.4 Cell voltage

The cell voltage, E..;, is the electric potential difference between the
cathode and the anode. It is therefore derived as follows:

Ece1 = Ocs — Das (60)

As mentioned earlier, the electric potential, @, s, at the external boundary of
the porous anode is zero.

Therefore, Ece;p = @ s (61)

5.5 Model validation

For the e-fuel cell using oxygen as oxidant, the cell voltages at three
different concentrations of V' ions are examined and compared with
experimental data to validate the fidelity of the model. The e-fuel solution
at 0.1 M, 0.3 M, and 0.5 M V?', each mixed with 3.0 M H,SO., are
considered. The results, in comparison with experimental data, showing the
polarization curves are displayed in Figure 5.3. The simulated cell
polarization curves captures the trend of the experimental data. However,
ignoring crossover seems to affect the accuracy of the results. This is evident
as the observed deviation of the cell voltage between the model and
experiment results becomes more obvious with the use of high e-fuel

concentration as the current density increases.
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Figure 5.3 Model validation for the fuel cells using oxygen as oxidant [44].

For the model validation of the e-fuel cell using H>O» as oxidant, mixed
potential is considered in the modeling framework as the electrochemical
reactions at the cathode simultaneously involve HPPR and HPOR. The
model result when only HPRR is considered at the cathode is presented in

blue line in Figure 5.4.

Figure 5.4 Model validation for the fuel cells using H>O: as oxidant [16].

It is seen that the result, especially at the low current densities, is not
consistent with the experimental data. With the consideration of mixed
potential, by including HPOR at the cathode, larger voltage loss is observed

at the low current densities, due to the mixed potential at the cathode, which
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makes the predicted polarization curve of the cell to be in better fit with the
experimental data. This therefore emphasizes the importance of considering
mixed potential at the cathode during the modeling of e-fuel cells that use

H>0; as oxidant.

5.6 Summary

A two-dimensional mathematical model is presented to describe the
transport behaviors and predict the performance of e-fuel cells. The model
is first developed for the e-fuel cells that use pure oxygen as oxidant.
Afterwards, the modeling framework is extended to the e-fuel cells that
employ H20; as oxidant, where mixed potential is considered in the cathodic
reactions. The model incorporates fluid flow and species transport coupled
with electrochemical reactions and it is the first model framework to
describe the underlying theoretical and working principle of these e-fuel
cells using the exact domain structure of an e-fuel cell. The validation of the
models through the comparison of the results from the model simulation
with the experimental data obtained from the open literature is presented.
This therefore provide suitable modeling framework for the simulation and
optimization of the e-fuel cells to explore parameters that may be difficult

to be examined via experimental studies.
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Tables

Table 5-1 Cell geometry properties and porous media parameters.

Symbol Parameter description Value Unit Ref.
h Height of the cell 0.02 m [34]
w Width of the cell 0.02 m [34]

o, Thickness of the porous anode 0.0015 m [34]
£ Porosity of the anode 0.8 - [35]
d Fibre diameter of the anode 10 um [24]

a, Active surface area of the anode 3.5x10° | m¥m? [36]
A Cross-sectional area of the flow channel | 1.0x 10¢ m? [34]

Ous Electrical conductivity of the anode 1000 S/m [37]
[ Ionic conductivity of the membrane 7.0 S/m [38]
6.l Thickness of the CCL 10 um [39]
a. Active surface area of CCL 5.6x10° m’! [40]
o) Proton conductivity of CCL 3.05 S/m [41]
O Electrical conductivity of CCL 2000 S/m [42]
bcal Thickness of CDL 260 um [39]
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Table 5-2 E-fuel parameters and operating conditions for the cell using

oxygen as oxidant.

Symbol Parameter description Value Unit Ref.
s Initial concentration of V2" 500 mol m? [34]
s, Initial concentration of V" 500 mol m? [34]
C?,+ Initial proton concentration at the anode 6000 mol m? [34]
Om Thickness of the membrane 200 um [35]

n Viscosity of the e-fuel solution 0.005 Pas [25]
p Density of the e-fuel solution 1680 Kgm? [43]
T Operating temperature 296 K [34]
Qa Volumetric flow rate of e-fuel solution 20 mL min™! [34]
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Table 5-3 Electrolyte parameters and operating conditions for the cell using

hydrogen peroxide as oxidant.

Symbol Parameter description Value Unit Ref.
s Initial concentration of V2" 1500 mol m? [16]
c?’+ Initial proton concentration at the anode 8000 mol m [16]

c%,0, | Initial concentration of H,O, 4000 mol m™ [16]

C:lezfoz Reference concentration of H,O» 4000 mol m?? [16]
c21+ Initial concentration of H* at the cathode 2000 mol m? [16]
C:Ief Initial concentration of H* at the cathode 2000 mol m?? [16]
Om Thickness of the membrane 25 um [16]

n Viscosity of the e-fuel solution 0.005 Pas [25]
p Density of the e-fuel solution 1680 Kgm?3 [43]
T Operating temperature 333 K [16]
Qa Volumetric flow rate of e-fuel solution 50 mL min! [16]
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Table 5-4 Physicochemical parameters for the cell using oxygen as oxidant.

Symbol Parameter description Value Unit Ref.
k, Rate constant for the anodic reaction 7.0x 108 ms! [27]
Qayq Anodic charge transfer coefficient 0.5 - [18]
E? Standard potential of the anode -0.255 \Y [18]
E? Standard potential of the cathode 1.23 A% [18]
ioc Cathodic exchange current density 1.0x 107 Am? [38]
ay. Cathodic charge transfer coefficients 0.85 - Assumed
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Table 5-5 Physicochemical parameters for the cell using H>O> as oxidant.

Symbol Parameter description Value Unit Ref.
k, Rate constant for the anodic 7.0x 108 ms! [27]
reaction
Kupor Rate constant for HPOR 1.01x 102 | molm?s’! [22]
A, Anodic charge transfer coefficient 0.5 - [18]
aAypRR HPRR transfer coefficient 0.6 - Assumed
Aypor HPOR transfer coefficient 0.9 - [22]
E? Standard potential of the anode -0.255 A" [18]
Euprr Standard potential of HPRR 1.78 A" [21]
Eyror Standard potential of HPOR 0.69 A" [22]
iupRR HPRR exchange current density 1.0x 107 Am? Assumed
inpRR HPOR exchange current density 97.45 Am? [22]
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Table 5-6 Parameters for diffusion.

Symbol Parameter description Vazhfle Ref.
(m’s™)

D2+ Diffusion coefficient of V¥ 2.4x10M [18]

D3+ Diffusion coefficient of V>* 24x107" [18]

Dy+ Diffusion coefficient of proton 9.31x10° [18]

Dso?{ Diffusion coefficient of sulphate ion 1.07 x 107 [18]

Dyz02 Diffusion coefficient of H,O, 3.47x 107 [33]
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Chapter 6 Simulation and optimization of e-fuel cells using oxygen as
oxidant

6.1 Introduction

To further predict and optimize the performance of the e-fuel cells that
employ oxygen as oxidant, the numerical simulation of the developed
model, using a computational platform, is presented here. The influence of
varying the operating parameters such as vanadium-ion concentration,
sulfuric acid concentration, and e-fuel flow rate; structural design
parameters such as anode porosity, anode thickness, membrane thickness,
and cathode catalyst layer thickness; and electrochemical parameters such
as anodic and cathodic exchange current densities on the cell performance
are examined via the numerical simulation. The concentration distribution
of the e-fuel at the anode under some designated current densities, which
may not be obtained by experimental approach, are presented to further
provide substantial information useful for gaining in-depth insights into the
operation of the e-fuel cell and the simulation of its performance. The
simulation results reveal that the cell performance improves with increasing
the vanadium-ion concentration, sulfuric acid concentration, and e-fuel flow
rate. As for the aforementioned structural design parameters, the cell
performance increases with these parameters except the membrane
thickness where performance degradation is found. The model also reveals
that the performance of the e-fuel cell improves with an increase in both the

anodic and cathodic exchange current densities.
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6.2 Simulation tool

The numerical simulation of the two-dimensional mathematical model is
conducted by using COMSOL Multiphysics package which provides
computational platform not only to obtain convincing modeling results, but

to also predict and present the cell performance.

6.3 Results and discussion

6.3.2 Effect of operating parameters

6.3.2.1 Effect of the vanadium-ion concentration

The effect of the vanadium ion concentrations on the cell performance is
examined in this section. The simulation results, presented in Figure 6.1,
clearly show that the cell performance significantly improves when the
vanadium-ion concentration in the e-fuel solution increases from 0.1 M to
0.5 M. This is because local concentrations of vanadium-ion at the anode of
the cell increase with its initial concentration as a result of the enhanced
mass transport of the vanadium-ion [1,2]. Consequently, the
electrochemical kinetics of the anodic reaction is further improved, and
concentration loss is considerably minimized due to the higher
concentration of V2" employed [3]. The simulated cell voltage mostly shows
a linear drop with increasing current density before eventually falling off to
the limiting current density of approximately 160, 423, and 650 mA cm™ for
e-fuel containing 0.1 M, 0.3 M, and 0.5 M V', respectively, apparently due
to mass transport loss. This is attributed to the concentration gradient
between the bulk e-fuel solution and the e-fuel on the anode surface,
particularly at high current densities [4]. As the performance of the cell is

significantly influenced by the e-fuel concentration, the presentation of the
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V2" concentration distribution at the anode is of paramount importance

towards understanding and investigating the operations of the e-fuel cell.

Figure 6.1 Effect of the vanadium-ion concentration on the cell

performance.

To this end, the V?* concentration distributions in the flow channel and the
anode at designated current densities when the cell is fed with an e-fuel
solution at the three different concentrations of V> are revealed. The trend
and changes in the vanadium-ion concentration distributions at various
current densities are presented to justify the concentration loss and the
limiting current densities. While Figure 6.2a, Figure 6.3a, and Figure 6.4a
show the polarization curves, Figure 6.2b, Figure 6.3b, and Figure 6.4b
display the concentration distribution of the vanadium-ion at the anode
compartment when the cell is fed with an e-fuel solution containing 0.1 M,

0.3 M, and 0.5 M V**, respectively.
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Figure 6.2 (a) Polarization curve of the cell using e-fuel of 0.1 M V**in 3.0
M H2SO4. (b) Vanadium-ion concentration distributions at designated

current densities — A. 20, B. 60, C. 100, D. 160, and E. 163 mA cm™.

It can be seen that at the three concentrations considered, the concentration
distribution of vanadium-ion decreases in both the flow channels and the
anodes with increasing current density. This is because the vanadium-ion is
rapidly consumed at higher current density [5]. This therefore reveals and
explains the reason the vanadium-ion is almost completely diminished when
the e-fuel cell operates at current densities close to the limiting current
density. Beyond the limiting current density, the concentration of the e-fuel
is already extremely low or completely consumed at the anode compartment
thereby leading to low reaction rate and large mass transport losses [6]. It
therefore shows that a relatively high concentration of vanadium-ion at the

anode is of beneficial effects on the cell performance.
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Figure 6.3 (a) Polarization curve of the cell using e-fuel of 0.3 M V**in 3.0
M H>SO4. (b) Vanadium-ion concentration distributions at designated

current densities — A. 100, B. 200, C. 300, D. 423, and E. 431 mA cm™.

Figure 6.4 (a) Polarization curve of the cell using e-fuel of 0.5 M V*"in 3.0
M H;SO4. (b) Vanadium-ion concentration distributions at designated

current densities — A. 100, B. 300, C. 500, D. 650, and E. 680 mA cm™.
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6.3.2.2 Effect of the sulfuric acid concentration

The anode side of this e-fuel cell houses the fuel as well serves as the proton
source due to the type of e-fuel solution (containing 0.5 M V2" and H,SOx4)
employed in the cell operation. The sulfuric acid (H2SO4) functions as the
supporting electrolyte, which can dissociate into H* and SOZ™ at the anode
compartment [4,7]. As mentioned earlier, the operation of the e-fuel cell
involves protons (H™) transport from the anode to the cathode and
subsequently take part in the cathodic reactions. The sulfuric acid
concentration in the e-fuel solution would therefore certainly influence the
concentration of H*and thus the cell performance. Here, the effect of
various concentration of H2SO4 on the cell performance is examined and
presented in Figure 6.5. It is seen from that the cell performance improves
with increasing the sulfuric acid concentration, which are more pronounced

at higher current densities.

Figure 6.5 Effect of the sulfuric acid concentration on the cell performance.

For instance, at 600 mA cm, the cell voltage increases from 0.461 V to
0.538 V when the sulfuric acid concentration is increased from 1.0 M to 4.0

M. In addition, the maximum current density also increases with the sulfuric
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acid concentration. The performance improvement can be attributed to the
fact that higher H>SOs4 concentration leads to higher concentration
distribution of H* at the anode and also near the membrane as evidenced in
Figure 6.6. This therefore facilitates the transport of protons to the
membrane thereby reducing ohmic loss [8,9]. The increase in cell voltage at
high current densities indicates that a relatively high sulfuric acid
concentration contributes to the upgrade of the cell performance. However,
since the cell performance shows no obvious difference at the low to middle
current density range with the increase of H2SO4 concentration, especially
from 3.0 M to 4.0 M, it may not be suitable for the cell to use the e-fuel with

a sulfuric acid concentration higher than 3.0 M.

Figure 6.6 Concentration distribution of H" ions at the anode under various

sulfuric acid concentrations at a current density of 600 mA cm™.

6.3.2.3 Effect of the e-fuel flow rate

In addition to the vanadium-ion and sulfuric acid concentration, the e-fuel
flow rate is another significant operating condition which notably influences
the electrochemical performance of the e-fuel cell. The e-fuel cell is

energized through the circulation of the e-fuel, hence the mass transport
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process as well as the performance of the cell would largely be affected by
the e-fuel flow rate. In other words, the flow rate governs the magnitude of
the e-fuel entering the cell and also determines the distribution of the e-fuel
solution and electroactive species particularly at the anode [8,10]. In this
section, the effect of different e-fuel flow rates ranging from 5.0 to 20.0 mL
min’!, on the cell performance are numerically examined. Considering an e-
fuel solution containing 0.5 M V** and 3.0 M H,SOs4, the cell performance
obviously improves with increase in the e-fuel flow rate as shown in Figure

6.7.

Figure 6.7 Effect of the e-fuel flow rate on the cell performance.

This is primarily as a result of the higher e-fuel flow rate that facilitates rapid
and sufficient distribution of reactants at the anode as shown in Figure 6.8.
It can also be seen that the limiting current density increases with the e-fuel
flow rate resulting from higher flux of the e-fuel solution from the flow
channel to the surface of the porous anode for rapid electrochemical
reaction. In addition, higher e-fuel flow rates also favor rapid transport of
protons to the cathode through the membrane [11]. However, operating the

cell at higher flow rates would involve additional pump power consumption
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which could deteriorates the efficiency of the e-fuel cell system [12]. This
therefore highlights the need to further investigate the optimal e-fuel flow

rate suitable for the operation of the cell.

Figure 6.8 Vanadium-ion concentration distribution at the anode under

different e-fuel flow rates at a current density of 150 mA cm™.

6.3.3 Effect of structural design parameters

6.3.3.1 Effect of the anode porosity

During the operation of the e-fuel cell, the electroactive species in the e-fuel
solution are transferred through the pores of the anode to the active surface
area of the anode for electrochemical reaction to take place. Thus, the porous
structure and properties of the anode exert a considerable impact on the
transport processes as well as the performance of the cell [8,13]. The effects
of anode porosity, as one of the critical structural design variables, on the e-
fuel cell performance is numerically examined in this section. Figure 6.9
displays the polarization curves to demonstrate the effect of various anode
porosities on the cell performance. It is discovered that when the anode
porosity increases from 0.70 to 0.85, the cell performance significantly

improves. This is primarily because higher anode porosity promotes higher
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permeability of the anode to fluid flow and further increases the supply and

concentration distribution of reactant for the electrochemical reaction [14].

Figure 6.9 Effect of the anode porosity on the cell performance.

As a result, the depletion rate of the reactants at the anode is reduced, which
is evidenced by Figure 6.10. The mass transport process is therefore
improved with increase in anode porosity. Consequently, concentration
polarization resulting from mass transport loss, which could limit the current

density of the cell, is significantly reduced.

Figure 6.10 Vanadium-ion concentration distribution at the anode under

different porosities at a current density of 100 mA cm™.
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This is obvious at the highest anode porosity of 0.85 as no mass transport
loss is observed before the cell voltage drops to 0.4 V. As a result, the overall
overpotential at the anode decreases as the anode porosity increases to
improve the cell performance [8]. In summary, an increase in anode porosity
increases the fluid permeability and the effective diffusion coefficient of the
anode which all contribute to an improvement in the overall cell

performance.

6.3.3.2 Effect of the anode thickness

The thickness of anode is another significant structural design parameter
that influences ionic transport pathway and thus the performance of the e-
fuel cell [8]. For this reason, different anode thicknesses were employed,
while the dimension of other components remain unchanged, to evaluate
their influence on the cell performance. Figure 6.11 presents the simulated
polarization behavior of the e-fuel cell at different anode thicknesses (1, 2,
and 3 mm). This figure shows that the cell performance increases with the
anode thickness. When the anode thickness is increased from 1 to 3 mm, the
cell voltage is seen to increase at all the current densities. The observed
improvement in the cell performance can be accredited to the fact that a
thicker anode increases the total surface area of the anode, which is essential
for rapid electrochemical reaction, thereby reducing activation overpotential
[8,14]. The anode overpotential therefore decreases with increase of anode

thickness from 1 mm to 3 mm to enhance the cell performance.

128



Figure 6.11 Effect of the anode thickness on the cell performance.

In addition, the increase of anode thickness is also found to alleviate e-fuel
concentration loss at the anode, as demonstrated in Figure 6.12. However, a
large increase of the anode thickness could elongate the charge transfer
pathway in the anode which in turn would increase charge transport
resistance and ohmic loss at the anode [15]. It can therefore be concluded
that when a relatively thick anode is applied, the operations and performance

of the cell improves.

Figure 6.12 Vanadium-ion concentration distribution at the anode under

different thicknesses at a current density of 650 mA cm™.
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6.3.3.3 Effect of the membrane thickness

Membrane is a key component material in a typical fuel cell primarily to
separate the anode and cathode compartments thereby reducing the
crossover of electroactive species. Prevention of electrical short circuit
within the cell is another significant function of the membrane [16-18].
Membrane properties such as thickness will heavily influence the transport
of ions through the membrane and thus the overall cell performance.
Therefore, the influence of membrane thickness on the e-fuel cell
performance is studied in this section and the results at varying membrane
thicknesses are shown in Figure 6.13. The cell voltage is found to decrease
with the increase of membrane thickness at all the current density range
considered. For instance, the cell voltage drops from 0.720 V to 0.469 V at
a current density of 500 mA cm with respect to increase of membrane

thickness from 50 ym to 400 pum.

Figure 6.13 Effect of the membrane thickness on the cell performance.

The degradation of the cell performance is due to the increase in the distance
of ionic transport in thicker membranes, which thereby leads to a higher

membrane ohmic resistance and further increases the membrane
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overpotential [19]. It is worth to mention that, at a membrane thickness
higher than 200 um, due to the large membrane overpotential induced by
the increase of membrane ohmic resistance, no concentration polarization is
observed before the cell voltage drops to 0.4 V. Conversely, when using
thinner membranes, for instance between 50 um and 200 um, the cell is able
to operate at current densities above 650 mA cm™ due to the reduced ohmic
loss. However, the drawbacks of employing thinner membranes could be its
vulnerability to high crossover of species [20,21]. Although the crossover
phenomena are not included this study due to the assumption that the

membrane is only permeable to protons.

6.3.3.4 Effect of the cathode catalyst layer thickness

The cathode catalyst layer is one of the porous media, alongside the cathode
diffusion layer, at the cathode compartment of the e-fuel cell. The cathode
catalyst layer serves as the active site for the electrochemical reaction,
oxygen reduction reaction, and also influences the transport of the oxidant
at the cathode. The properties of the cathode catalyst layer such as its
thickness will thus influence the transport process of ions, active surface
area, and also affect the general performance of the cell [22,23]. Figure 6.14
displays the polarization curves of the cell when the cathode catalyst layer
thickness is varied. An upgrade in the cell voltage is clearly seen throughout
the whole current density range as thicker cathode catalyst layer is applied.
At a high current density of 600 mA cm?, the cell voltage attained when
varying the cathode catalyst layer thicknesses — 1, 10, 20, and 100 um used
for the cell simulation are 0.463 V, 0.528 V, 0.546 V, and 0.575 V,

respectively.
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Figure 6.14 Effect of the cathode catalyst layer thickness on the cell

performance.

This apparent performance improvement can be attributed to the fact that
thicker cathode catalyst layer provides more surface area for the oxygen
reduction reaction at the cathode which significantly reduces the cathode
overpotential and therefore increases the cell voltage [24]. However, it
should also be mentioned that employing a thicker cathode catalyst layer
could elongate mass/charge transport process, such as the diffusion of
species at the cathode, which may increase ohmic loss and charge transfer
resistance to reduce the cell performance. To conclude, a relatively thick
cathode catalyst layer significantly contributes to the improvement of the e-

fuel cell performance.

6.3.4 Effect of electrochemical parameters

6.3.4.1 Effect of the anodic exchange current density

The performance of the e-fuel cell is also dependent on some
electrochemical parameters. For instance, the exchange current density is
generally incorporated to demonstrate the electrochemical activities existing

at the anode. The influence of various anodic exchange current densities on
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the cell performance are thus examined. It is seen in Figure 6.15 that the cell

voltage improves with increase in anodic exchange current density.

Figure 6.15 Effect of the anodic exchange current densities on the cell

performance.

For example, the cell voltage rises from 0.528 V to 0.663 V at a current
density of 600 mA cm following the increase of the anodic exchange
current density from 6.75 A m™to 164 A m™. This can be explained with
the significant reduction of the anode overpotential as the anodic exchange
current density increases [25]. The highest exchange current density yields
the highest cell voltage for the entire current density range considered in this
study. This therefore underscores the necessity of employing porous anodes
of high electrochemical activity to enhance the exchange current densities

of their electrochemical reactions.

6.3.4.2 Effect of the cathodic exchange current density
Electrochemical parameters such as the electrocatalytic activity of the
cathode catalyst layer and the electrochemical reaction kinetics at the

cathode also influence the overall performance of the e-fuel cell. For
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example, the exchange current density is mostly used to demonstrate the
electrochemical activities occurring at the cathode. At a current density of
600 mA cm, the cell voltage is found to increase up to 0.667 V from 0.459
V when the cathodic exchange current density is increased from 1.0 x 10®

Am?to1.0x 10° A m? as seen in Figure 6.16.

Figure 6.16 Effect of the cathodic exchange current densities on the cell

performance.

This is also due to the corresponding reduction in the overpotentials at the
cathode [26]. The highest exchange current density yields the highest cell
voltage and superior cell performance for the entire current density range
considered in this study. In comparison, the cathodic exchange current
density is much lower than the anodic due to the slow reaction kinetics at
the cathode. This therefore underscores the necessity of employing a catalyst
material with excellent catalytic reactivity at the cathode to enhance the

exchange current densities of their electrochemical reactions.
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6.4 Summary

The numerical simulation of the model developed for the e-fuel cells that
uses oxygen as oxidant is presented here. A computational platform is
employed for the simulation process to predict and optimize the cell
performance. The cell voltage is found to increase with the e-fuel
concentration resulting from improved interfacial reaction kinetics and
increase in the mass transport process, thereby reducing the concentration
polarization. The concentration distributions of the e-fuel, which may not be
obtained by experimental approach, show that a relatively high initial
concentration results to high local concentration distribution of the e-fuel at
the anode and that the e-fuel is rapidly consumed with increasing current
density. Regarding the effects of the other operating conditions investigated,
the cell performance improves with increase of the sulfuric acid
concentration as well as the e-fuel flow rate. As for the structural design
parameters, an increase in anode porosity, anode thickness, and cathode
catalyst layer thickness all augment the cell performance, whereas the cell
voltage is found to decrease as the membrane thickness increases.
Furthermore, the exchange current density at the anode and the cathode was
shown to markedly influence the performance of the e-fuel cell following
the significant reduction in their overpotentials to improve the cell voltage
as the exchange current densities increase. This study thus presents the
essential basis that is invaluable for the extension and improvement of the
e-fuel cell parameters towards optimizing the design and maximizing

performance of the cell.
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Chapter 7 Simulation of e-fuel cells using H20: as oxidant

7.1 Introduction

One of the major targets of the current advances in the design and
development of direct liquid fuel cells is to achieve high performance at low
cost [1]. Considering the financial and time constraints of experimental
studies to reveal and address some of the performance-limiting and
performance-enhancing parameters of fuel cells, modeling and simulation
have been identified as a cost-effective method to overcome these barriers
[2,3]. Following the experimental investigations on the novel e-
fuel/hydrogen peroxide cell discussed in Chapter 4 of this thesis,
mathematical model, which has been validated with experimental data, have
also been developed for this cell as presented in Chapter 5. Here, the
numerical simulation of the model, using a computational platform, to
predict and optimize the performance of the fuel cell is presented. It is
worthy to mention that the simulation of this model incorporates mixed
potential at the cathode, due to the consideration of hydrogen peroxide
oxidation reaction (HPOR) in addition to hydrogen peroxide reduction

reaction (HPRR) as the cathodic reactions.

7.2 Simulation tool

The numerical simulation of the mathematical model developed for the e-
fuel/H20; cell is also conducted by using COMSOL Multiphysics which
provides computational platform not only to obtain convincing modeling

results, but to also predict and present the cell performance.
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7.3 Results and discussion

7.3.1 Effect of the hydrogen peroxide concentration

In this chapter, hydrogen peroxide is employed, in lieu of gaseous oxygen
or ambient, as oxidant at the cathode. Hence, H>O» concentration is of
crucial effect and paramount importance on the cell performance. Here, the
effect of various concentration of H,O: on the cell performance is examined
and displayed in Figure 7.1. It is clearly shown that the cell performance

improves with increasing the H2O2 concentration.

Figure 7.1 Effect of the hydrogen peroxide concentration on the cell

performance.

The improvement in the cell performance with increase in the H>O:
concentration is majorly attributed to the enhanced mass transport of the
reactive species. The presence of higher concentration of hydrogen peroxide
at the active sites of the cathode catalyst layer also reduces concentration
loss and further improves the cell performance. This is evidenced in Figure
7.2 where the H>O; is rapidly exhausted at the cathode compartment when
low concentration is employed thereby leading to low reaction rate and large

mass transport loss at a current density of 900 mA c¢m™. In addition, the
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electrochemical kinetics of the H»>O» reduction reaction is improved at
higher hydrogen peroxide concentration [4,5]. The maximum -current
density of the cell also increases with the hydrogen peroxide concentration.
For example, the maximum current density of the cell is observed to
significantly increase from 900 to 3480 mA cm™? when the H,O»

concentration is increased from 1.0 M to 4.0 M.

Figure 7.2 Concentration distribution of H>O» at the cathode at a current

density of 900 mA ¢cm™.

7.3.2 Effect of the sulfuric acid concentration

The hydrogen peroxide solution at the cathode is considered to be acidified
using sulfuric acid [6]. The influence of the sulfuric acid concentration at
the cathode on the cell performance is therefore examined in this section.
The simulated polarization curves of the cell when the sulfuric acid
concentration is increased from 0.5 M to 2.0 M is depicted in Figure 7.3. It
is seen that the cell voltage increases with increasing the sulfuric acid
concentration. The increase in the cell performance is more significant when

the sulfuric acid concentration is increased from 0.5 M to 1.5 M to produce
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an increase in the cell voltage from 0.222 V to 0.532 V at a current density

of 2800 mA c¢cm™.

Figure 7.3 Effect of the sulfuric acid concentration on the cell performance.

The performance improvement of the cell can be attributed to the fact that
higher sulfuric acid concentration produces higher concentration of H* at
the active sites of cathode catalyst layer [7]. Following this, the
electrochemical reaction at the cathode will be enhanced as H* is an
indispensable reactant for hydrogen peroxide reduction reaction. The
increase in cell voltage at high current densities indicates that a relatively
high sulfuric acid concentration can significantly contribute to the
improvement of the cell performance. It can be seen that increasing the
sulfuric acid concentration from 1.5 M to 2.0 M does not offer significant
improvement to the cell performance. The relative increase in the cell
voltage at high current densities indicates that a relatively high sulfuric acid
concentration at the cathode is sufficient to the ensure the cell with good

performance.
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7.3.3 Effect of the membrane thickness

Membrane is a vital component material in this liquid fuel cell as it separates
the anode and cathode sides and also provides pathways for ions transport
across the two sides of the cell [8,9]. The thickness of the membrane
employed in the operation of this fuel cell will definitely influence the
transport of ions through the membrane and thus the overall cell
performance. The influence of membrane thickness on the performance of
this H>O»-based fuel cell is therefore examined here. The simulation results
obtained from the use of different membrane thicknesses in the cell are

displayed in Figure 7.4.

Figure 7.4 Effect of the membranes thickness on the cell performance.

The results show that the cell voltage decreases with the increase of
membrane thickness at all the current density regions. For example, the cell
voltage decreases from 0.797 V to 0.242 V at an operating current density
of 1500 mA cm when the membrane thickness is increased from 25 um to
200 um. The decrease is ascribed to the elongated distance for ionic
transport in thicker membrane, which leads to higher membrane ohmic

resistance and further increase the membrane overpotential [10,11]. This
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therefore indicates that thinner membranes are more suitable for the
operation of the cell towards achieving enhanced performance. However,
the use of thinner membranes in this all-liquid fuel cell could result to high
crossover of the reactive species from one side to another [12]. Although
crossover of the reactants are not considered in this study due to the

assumption that the membrane is only permeable to protons.

7.3.4 Effect of the anode active surface area

The performance of the e-fuel cell is also dependent on the active surface
area of the electrodes. This is because, during the operation of fuel cells, the
electrochemical reactions occur on the electrode surface. As for this e-fuel
cell, a catalyst-free electrode is employed as the anode. The effect of the
active surface area of the anode on the e-fuel cell performance is
numerically investigated in this section. Figure 7.5 displays the simulated
polarization curves to demonstrate the effect of various active surface area

of the anode on the cell performance.

Figure 7.5 Effect of the anode active surface area on the cell performance.
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It is found that the cell voltage increases at all the current density regions
when the active surface area of the anode increases from 3.5 x 10> m™ to 3.5
x 10 m™!. For instance, the cell voltage is seen to rise from 0.117 V to 0.485
V at a current density of 3000 mA cm following the increase of the active
surface area of the anode from 3.5 x 10° m™! to 3.5 x 10° m’!. This is
primarily because high active surface area enhances the electrochemical
reactions at the anode which in turn reduces activation loss at the anode
[13,14]. The largest active surface area of the anode yields the highest cell
voltage for the entire current density range considered in this study. This
therefore reveals the significance of employing anode with larger active

surface area for the fuel cell.

7.3.5 Effect of the cathode active surface area

At the cathode, the electrochemical H,O» reduction reactions take place on
the catalyst layer. The effects of the active surface area of the cathode
catalyst layer on the e-fuel cell performance is also numerically examined.
Figure 7.6 presents the obtained cell voltage at different active surface area
of the cathode. The figure apparently shows that the cell performance
increases with the active surface area of the cathode. At a current density of
3000 mA cm™, the cell voltage is found to increase from 0.201 V to 0.380
V when the active surface area of the cathode increases 5.6 x 10> m™ to 5.6
x 10° ml. The improvement in the cell voltage with increase in active
surface area of the cathode can be attributed to the fact that larger active
surface area facilitates rapid electrochemical activity at the cathode which
in turn reduces kinetic loss at the cathode [15]. The largest active surface

area of the cathode produces the highest cell voltage and superior cell
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performance. This therefore indicates the importance of employing cathode

with larger active surface area for the fuel cell.

Figure 7.6 Effect of the cathode active surface area on the cell performance.

7.4 Summary

The numerical simulation of the two-dimensional mathematical model
developed for e-fuel/H>O: cell, using a computational platform, to predict
and optimize the cell performance is presented. The simulation reveals the
concentration distribution of H2O> at the cathode, showing that its limited
mass transport at low concentration limits the cell performance. The
concentration of the sulfuric acid at the cathode on the cell performance is
also studied. The simulation result shows that the cell performance increases
with sulfuric acid concentration. The cell voltage is also found to increase
with the use of thinner membranes. Furthermore, the active surface area of
the anode and cathode are also presented to significantly influence the cell
performance such that larger active surface area of the electrodes enhances
electrochemical reactions which in turn reduces overpotential to improve

the overall performance of the cell.
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Chapter 8 Conclusions and future work
Direct liquid fuel cells have piqued increasing research interest and
applications for clean and efficient power generation due to their promising
features and compelling characteristics. Towards attaining a major
advancement of this fuel cell technology, this thesis presents experimental
and numerical investigations on the operation and performance of direct
liquid fuel cells fed with an electrically rechargeable liquid fuel at the anode
while exploring various oxidants at the cathode. Detailed information on the
procedures and discussion of the results obtained during the study are
presented in Chapters 2-7 of this thesis. The summary of the results are as

follows:

8.1 Conclusions

1) A direct liquid fuel cell, which eliminate the use of catalyst material at
the anode and fed with an electrically rechargeable liquid fuel, is
developed. The structural design of the cell consist of a proton exchange
membrane sandwiched between a catalyst-free graphite-felt anode and
a conventional fuel cell cathode. The operation and performance of the
e-fuel cell is explored with the use of air as oxidant, while taking the use
of pure oxygen at the cathode as performance benchmark. The effects of
operating parameters on the performance of the cell with the use of air
as the oxidant are examined. The experimental result shows that the cell
attains an open-circuit voltage (OCV) of 1.25 V with the use of air at the
cathode which is comparable to an OCV of 1.26 V obtained when the
cathode is fed with pure oxygen. The cell is able to boost of a peak power

density of 168.3 mW cm™, at room temperature, which outperforms a
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2)

3)

number of conventional direct liquid fuel cells, including those fed with
oxygen at the cathode. Furthermore, an energy efficiency of 26.4 % is
achieved by the e-fuel cell with the use of air as oxidant which also
outperforms some conventional direct liquid fuel cells that uses air as
oxidant.

To further boost the performance of the e-fuel cell and more importantly
realize its application in airtight environments, such as space propulsion
and underwater power systems, hydrogen peroxide (H20:) is considered
as an alternative oxidant, in place of gaseous oxygen or ambient air. The
novel e-fuel/H,0; fuel cell exhibits a peak power density of 1456.0 mW
cm™ at 60 °C, which is 70 % higher than the use of oxygen (857.0 mW
cm™?). A maximum current density exceeding 3000 mA cm? is also
achieved by the cell. The performance of the cell at various operating
conditions including the varying hydrogen peroxide concentration,
sulfuric acid concentration, vanadium ion concentration, operating cell
temperature, Nafion membrane thicknesses, and its constant-current
discharge characteristics are also investigated. Furthermore, the cell
achieved a stable performance even after it was refueled 10 times while
discharging at a constant current of 10 mA cm™ under an operating
temperature of 60 °C.

To better understand and garner more insights on the underlying
theoretical and working principle of these e-fuel cells, a two-
dimensional mathematical model is developed. The model incorporates
fluid flow and mass/charge transport coupled with the electrochemical
reactions using the actual structural domain of an e-fuel cell, eliminating

151



4)

catalyst and diffusion layers at the anode. The model is first developed
for the e-fuel cells using pure oxygen as oxidant. Afterwards, the
modeling framework is extended to the e-fuel cells that employ
hydrogen peroxide as oxidant, where mixed potential is considered in
the modeling of the reactions at the cathode. The validation of the model
developed for both cells through the comparison of the results with
experimental data shows a good agreement. With the consideration of
mixed potential in the modeling of the e-fuel/H>O> cell, by including
hydrogen peroxide oxidation reaction at the cathode, large voltage loss
is observed at the low current densities, which makes the predicted
polarization curve of the cell to be in better agreement with the
experimental data. This therefore emphasizes the importance of
considering mixed potential at the cathode during the modeling of e-fuel
cells that use hydrogen peroxide as oxidant.

The performance of the e-fuel cells that uses oxygen as oxidant is
predicted and optimized through the simulation of the two-dimensional
mathematical model developed for the cell. A computational platform is
employed for the numerical simulation process of the model. The cell
voltage is found to increase with the e-fuel concentration. The
concentration distribution of the e-fuel at the anode under some
designated current densities, which may not be obtained by experimental
approach, are presented to further provide substantial information useful
for gaining in-depth insights into the operation and performance of the
e-fuel cell. The simulation reveals that cell performance improves with

increase of the sulfuric acid concentration as well as the e-fuel flow rate.
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5)

As for structural design parameters, an increase in anode porosity, anode
thickness, and cathode catalyst layer thickness all boost the cell
performance, whereas the cell voltage is found to decrease with
increasing membrane thickness. Increase of the exchange current
density at the anode and the cathode is found to improve the
performance of the e-fuel cell.

The numerical simulation of the two-dimensional mathematical model
developed for the e-fuel cells that uses hydrogen peroxide as oxidant to
predict and optimize the performance of the cell is presented. The
simulation reveals the concentration distribution of hydrogen peroxide
at the cathode, showing its limited mass transport at low concentration
limits the cell performance. The concentration of the sulfuric acid at the
cathode on the cell performance is also studied. The simulation result
shows that cell performance increases with sulfuric acid concentration.
The cell voltage is found to increase with the use of thinner membranes.
Furthermore, the active surface area of the anode and cathode are also
revealed to significantly influence the cell performance such that larger
active surface area of the electrodes enhances electrochemical reactions

which in turn improve the overall performance of the cell.

8.2 Future work

Experimental and numerical studies have been conducted to investigate the

operation and performance of direct liquid fuel cells fed with an electrically

rechargeable liquid fuel at the anode while exploring various oxidants at the

cathode. The effects of various operating conditions, structural and design

parameters on the cell performance for power generation have been
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revealed. In addition to these, the following works will be conducted in the

future:

i)

With the use of oxygen as oxidant in the e-fuel cell, sluggish oxygen
reduction reaction at the cathode side is a major limiting factor to
cell performance. To further improve the e-fuel cell performance,
electrocatalyst material with better catalytic reactivity for oxygen
reduction reaction at the cathode will be fabricated to enhance the
cell performance.

For the e-fuel cells using hydrogen peroxide as oxidant, high
performance at low cost is of great importance to achieve the
commercialization of this system. Therefore, a cathode with lower
Pt/C loading will be fabricated and employed in the operation of the

fuel cell to further reduce its fabrication cost.

ii1) Besides the transport of only protons through the membrane of the

e-fuel cells, the operation of the cell in practical scenario involves
inevitable transport of the reacting species across the membrane.
Mathematical model will be developed to capture the crossover
phenomena and numerical simulation of the model will be employed

to reveal the effects of crossover on the cell performance.

iv) Due to the wide material selectivity for e-fuel, other materials,

instead of vanadium ions, will be considered and characterized for
the operation of e-fuel cell. The performance of new e-fuel in the
operation of fuel cells will be examined and compared to the
vanadium-based e-fuel to further ascertain the flexibility and

performance of the fuel cell when operated with different e-fuels.
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