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Abstract

Human-induced climate change is one of the biggest threats to humanity
in the 21 century. This is caused by the increase in greenhouse gas concen-
trations in the Earth’s atmosphere. The burning of fossil fuels is the primary
cause of climate change. This problem can be addressed by replacing fossil fu-
els with fuel sources that have clean by-products and are cost-effective. For
the last few decades, hydrogen (H;) has been extensively studied as an alterna-
tive to carbon-based fossil fuels. Currently, H; still has many shortcomings for
commercial applications. The photocatalytic production of Hj still suffers from
extremely low efficiency. Furthermore, H, has low volumetric energy density
and the current catalytic materials for H, are scarce and expensive. Alterna-
tively, hydrogen peroxide (H,O;) is an environmental-friendly and high-energy
carrier that can be utilized in fuel cell technologies to combat climate change.
Recently, H,O; has been successfully used as both a fuel and an oxidant in an
acidic single compartment membraneless fuel cells (SCMHFC) where water and
oxygen are the by-products. One of the challenges limiting SCMHFC is the low
electric power generation. Hence, much effort has gone into finding suitable cat-
alysts to improve the power density of SCMHEC. In this study, low cost and en-
vironmentally friendly catalysts have been investigated to product high power
density SCMHFC. Among the catalysts examined were metallophthalocyanine
complexes (FePc,CoPc, CuPc), iron nitride (Fey—, 4sN), coblamin (Vitamin B12),
modified cobalt-prussian blue complex (Co-Fe PB), and Fe/Fe3C as the cath-
ode materials and nickel as the anode. Electrochemical properties of these fuel

cells were characterized. The open circuit potentials of the catalysts examined
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ranged from 0.48 V to 0.68 V, with the highest power density of 2.8 mW-cm 2

with FePc, which is suitable for powering portable microelectronic devices.
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Chapter 1

Introduction

1.1 Climate Change and Energy Crisis

Human-induced climate change is one of the greatest threats to humanity in
the 215 century. National Oceanic and Atmospheric Administration (NOAA)
defines climate change as any changes in the Earth’s climate due to natural
variability or human activity [1]. Since 1880, the global average temperature
has increased by 1.42°C over land surface and by 0.69°C over ocean surfaces
that is free of ice at all times as shown in Figure 1.1B. Human activities such as
burning fossil fuels, deforestation and soil disturbance have increased the car-
bon dioxide, methane, nitrous oxide, halocarbons, and other gas concentrations
in the atmosphere which are the main contributors to the Earth’s warming [2].

Climate change has detrimental effects on biodiversity. The effects include
extreme weather, decreasing in ice masses, rising of sea level, and irregular re-
production and migration patterns in animal and plant species [3].Since 1980,
the global mean CO, level continues to increase (Figure 1.2) due to fossil fuels

and is projected to exceed 900 ppm by the end of the century [4]. Unfortunately,
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FIGURE 1.1: (A) The change in global average temperature over

land and ocean surfaces from 1880 to November 2020 w.r.t the 20"

century average; warming since the 1970s is attributed to the in-

creasing in greenhouse gases’ concentration [2]. (B) Global aver-

age temperature anomalies of land and ocean surfaces is shown
separately (Data obtained from NOAA).

fossil fuels (coal, oil and natural gas) are still the primary energy sources world-
wide, and in 2018, it accounted for about 64 percent of the world energy con-
sumption (Figure 1.3). As the world population increases, the energy demand

increases with fossil fuels being the primary sources [5] [6]. The Kaya identity

can be used to estimate the total CO, emissions from human sources:
C=—+—=.-—— P (1.1)

where C, E, %, C%, % and P are CO, emissions, energy consumption, emis-

sion coefficient effect, energy intensity, affluence (standard of living), and world’s
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population, respectively [7]. Global population growth rate is projected to de-
crease by the year 2050 [8]. From Equation 1.1, reducing carbon footprint is the
most effective and realistic way in decreasing the overall CO, emissions. Envi-
ronmental problems aside, fossil fuels are finite resources that are predicted to

be depleted within the century based on the Hubbert curve[9].

1.2 Clean and Renewable Energy Sources For Addressing Climate Change

The three important criteria when it comes to clean energy are high power ca-
pacity to support global demand, sustainability, and cost effectiveness. In terms
of power capacity, the projected annual global power consumption in 2050 is 30
TW [10]. Abbott made a comparasion between different renewable and nuclear
energy sources for the three criteria with the assumption that all sources have
the highest efficiencies [9]. To summarize the results, out of all the currently
available renewable sources, only solar power is able to meet the projected
global demand (Table 1.1). Additionally, on average 166 PW of solar power
hits the Earth’s surface [9].

This enormous solar power will help to account for efficiency problems of
any solar devices we might encounter. In term of sustainability, the sun will
remain at its current state for 5.4 billion more years before entering the red giant
state where the Earth will already have become uninhabitable [11]. Nuclear
power is also considered a clean power source and has the capacity to meet the

global demands, but it is not in the scope of this thesis.
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FIGURE 1.2: The monthly average of global CO, concentration
since 1980. The red and black lines represent the monthly mean
values and the monthly mean values with correction for the aver-
age seasonal cycle, respectively. The data is expressed as the num-
ber of molecules of CO; divided by the number of all molecules
in air, including CO; and excluding water vapor. More details
on the methods can be found on www.estLNOAA.gov under
NOAA/GML calculation of global means. Figure courtesy of
NOAA.

1.3 Solar Energy Storage Methods

One major disadvantage of solar energy is intermittency due to the fluctuation

with the time of the day and the weather. Hence, the energy must be collected
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FIGURE 1.3: World electricity generation mix by fuel (1971-2018).
The data doesn’t include other forms of energy such as thermal
energy. On average, 67% of the world’s electricity was from fossil
sources and only 21% was from renewable sources. Data courtesy

of IEA.
Energy source Max. power (TW) | % of Total Solar
Total surface solar 85,000 100%
Desert solar 7650 9%
Ocean thermal 100 0.12%
Wind 72 0.08%
Geothermal 44 0.05%
River hydroelectric 7 0.008%
Biomass 7 0.008%
Open ocean wave 7 0.008%
Tidal wave 4 0.003%
Coastal wave 3 0.003%

TABLE 1.1: An estimate of power outputs of different renewable
sources assuming 100% efficiency [9]. Only solar energy has the
capacity to meet the global demand.




Chapter 1. Introduction

and stored during peak times. There are two main forms of solar energy: elec-

trical energy from photovoltaic panels and thermal energy from concentrated

solar power [12]. Table 1.2 gives a summary of the different storing methods.

Electrical energy storage

electrical energy storage

mechanical energy storage

chemical energy storage

capacitors or superconducting magnetic devices.

flywheel, pumped hydroelectric,

compressed air.

batteries, fuel cells, and

flow batteries.

Thermal energy storage

thermal energy storage

sorption storage

chemical energy storage

Sensible heat: changing temperatures of materials

Latent heat: changing phases of materials.

chemical separations

solar hydrogen, solar metal and

solar chemical heat pipe.

TABLE 1.2: Classification of solar energy storage methods[12]. So-
lar energy can be collected and stored during peak hours. Hou et
al., 2011 discussed the implementations of these methods in de-

tails.

In short, solar energy can be directly transformed into heat by focusing sun-

light or into electricity using photovoltaic cells [12]. The heat can be used to

change the temperatures or phases of materials, or drive unfavorable chemical

reactions as a mean of storing the collected solar energy. The collected elec-

tricity can be stored in electromagnetic or mechanical devices, or used to drive

chemical reactions. In terms of energy density, only fuel cells are compatible to

fossil fuels (Figure 1.4), making them one of the best candidates for clean energy

converters.
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FIGURE 1.4: An overview of energy and power densities of differ-

ent energy storage devices. Fuel cells have the highest energy den-

sity making them ideal as energy converters. Figure was adapted
from [13].

1.4 Scope of thesis

Currently, wind and solar are the main sources of green energy, however, these
are intermittent sources. A reliable, on-demand energy source is a fuel cell,
which can also be portable. At this time, the most common fuels cells are based
on use of hydrogen as the fuel and Pt as the catalyst. These fuel cells are not cost
effective as they required platinum (Pt) as the catalyst. Additionally, implemen-
tation of the fuel cells is still a challenge due to their complexity; this in turn
affects the energy efficiencies and life-times of the fuel cells. The goal of this
study is to implement and characterize catalysts for single compartment mem-
braneless fuel cell (SCMFC) with hydrogen peroxide (H,O,) as the clean energy

carrier. Starting with Chapter 2, an overview of hydrogen fuel cells is given with
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an introduction to H,O; as an energy carrier, and how H,O; is incorporated in
SCMFC. Chapter 3 provides an overview of electrochemical techniques used to
characterize the fuel cells. In Chapter 4, catalytic materials are introduced as
well as a discussion of results for the fuel cells. Lastly, Chapter 5 provides a

summary of the thesis and the future plans for the project.



Chapter 2

Fuel Cells

2.1 Reviews on Hydrogen Fuel Cells

As mentioned in Chapter 1, CO; level produced by fossil fuels can be signifi-
cantly reduced or completely eliminated using hydrogen fuel cells. Figure 2.1
shows an example of a proton-exchange membrane hydrogen fuel cell. Detailed
explanations of hydrogen fuel cell’s operation can be found from [14][15]. In
short, a hydrogen fuel cell consisted of two compartments which are separated
by an electrolyte or a membrane. During operation, a source of hydrogen is
supplied to the anode compartment. The cell’s catalyst oxidizes the hydrogen to
produce electrons and hydrogen ions (H™). The H' ions pass through the elec-
trolyte/membrane to the cathode compartment. On the other hand, the elec-
trons can only travel to the cathode compartment via the provided conductive
path. This produces a flow of electrons (current) that can be used as electricity.
Once the H' ions and the electrons get to the cathode compartment, they will

combine with the supplied oxygen/air to produce water.
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Hydrogen :‘r) — Oxygen
Source Source
H,0
L G— —
Anode Cathode |:>

Electrolyte or Membrane

FIGURE 2.1: An example of proton-exchange membrane hydrogen
fuel cell [15]. There exist different types of hydrogen fuel cells,
however, the underlying physics is the same.

The redox reaction for hydrogen fuel cells, except for solid-oxide fuel cell

(SOFC in Table 2.1), is as follow:

Anode : Hy — 2H" +2¢~ 0V vs. NHE (2.1)
1
Cathode : Eoz +2H" +27 — H,O 123V vs. NHE (2.2)
1
Total: H, + 502 = H0 123V (2.3)

Hydrogen fuel cell comes in many flavors. Table 2.1 shows the five major

main types of fuel cells and their applications. The name of a fuel cell type
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reflects the type of electrolyte/membrane that is being used. One major dis-
advantage of hydrogen fuel cells is the cost of the catalytic materials. To date,
platinum, oxides of ruthenium and iridium are the most competent catalysts for
hydrogen fuel cells [16][17]. These materials are scarce and expensive which this
does not fit the three criteria for clean renewable energy mentioned in Section

1.2.
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FUEL CELL COMMON OPERATING TYPICAL | ELECTRICAL APPLICATIONS ADVANTAGES DISADVANTAGES
TYPE ELECTROLYTE TEMPERATURE | STACKSIZE | EFFICIENCY
Backup power Solid electrolyte
reduces corrosion
Portable power and electrolyte Expensive
Polymer
management catalysts
electrolyte Perfluorosulfonic 40% reformed
<120°C <1-100 kW Distributed generation problems
membrane acid 60% direct Hy
Sensitive to fuel
(PEM)
Transportation Low temperature impurities
Specialty vehicles Quick startup and load
following
Wider range of stable Sensitive to CO; in
Military
materials allows lower fuel and air
Aqueous potassium
cost components
hydroxide soaked in a Space
Alkaline Electrolyte
porous matrix, or <100°C 1-100 kW 60%
(AFC) Low management
alkaline polymer Backup Power
temperature (aqueous)
membrane
Transportation
Quick startup Electrolyte
conductivity (polymer)
5-400 kW Expensive catalysts
Phosphoric acid Suitable for CHP
Phosphoric (liquid PAFC)
soaked in a porous Distributed
acid 150-200°C 40% Long startup time
matrix or imbibed in a generation Increased tolerance to
(PAFC) <10 kW
polymer membrane fuel impuritites
(polymer Sulfur sensitivity
membrane)
High efficiency High temperature
Molten lithium, corrosion and breakdown
Electric utility
Molten sodium, and /or Fuel flexibility of cell components
carbonate | potassium carbonates, 600°- 700°C 300 kW-3 MW 50%
Distributed
(MCEC) soaked in a porous Suitable for CHP Long startup time
generation
matrix
Hybrid/gas turbine Low power density
cycle
High efficiency
High temperature
Auxiliary power corrosion and breakdown
Fuel flexibility
of cell components
Solid oxide Yttria stabilized Electric utility
500°-1,000°C 1kW-2MW 60% Solid electrolyte
(SOEC) zirconia Long startup time
Distributed
Suitable for CHP
generation Limited number of
shutdowns
Hybrid/gas turbine
cycle

TABLE 2.1: A comparison of the major main types of hydrogen fuel
cells. The table was duplicated from the Office of Energy Efficiency
& Renewable Energy [18].
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2.2 Single Compartment Membraneless Hydrogen Peroxide Fuel Cell

Recently, hydrogen peroxide (H,O,) has been considered as a clean energy car-
rier that can be used as both fuel and oxidant in fuel cell technologies [19] [20]
[21]. At 100% efficiency, HyO, can decompose into water and oxygen, out-
putting 117 kJ /mol [21]. Furthermore, H,O, can be produced from seawater or
water and oxygen in acidic environments using solar energy [22][23] [24] mak-
ing it an ideal candidate for fuel cell technologies. With an appropriate material

selection, the oxidation and reduction of H,O, at the cathode and anode are

[23]:
Anode : HyOp — Oy +2H" +2¢~  0.68V vs. NHE 2.4)
Cathode : HyO, +2H™' +2¢~ — 2H,0 1.77 vs. NHE (2.5)
Total: 2H,Opy — O, + 2H,0 1.09V (2.6)

Figure 2.2 shows the schematic of a single compartment membraneless H,O,
fuel cell (SCMHEFC). Both the cathode and anode are immersed in an acidic so-
lution of H,O,.

The theoretical output potential of the reactions is 1.09V vs. NHE which is
lower but comparable to hydrogen fuel cells (1.23 V) and direct MeOH fuel cell
(1.21 V) [23]. However, the simple SCMHEFC structure has an advantage that
it does not require membranes to separate the cathode and the anode as in the
case of hydrogen fuel cells. Furthermore, the results presented in Chapter 4
have shown that catalytic materials for H,O, can be inexpensive and cost effec-

tive at large scale. Using renewable fuel source with clean byproduct and low
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implementation cost, SCMHEC is a promising device to combat climate change.

e
e
H,0,
2H'+0, 2H,0
3%
<’>
N

0, +2H,0 wmmmmp 2H,0,

(©) (D)

FIGURE 2.2: (A) SCMH fuel cell setup with both the cathode and

anode are an acidic solution of H,O,. H,O, can be produced from

water and oxygen. (B) A photo of a three stack SCMH fuel cell

to increase the cell’s voltage. At the maximum theoretical value,

the potential is still very low for practical usages. (C) and (D) A

simply electrode setup with a glass slide separating the anode and
the cathode.
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Chapter 3

Electrochemical Methods for Fuel Cell Characterization

3.1 Introduction To Fuel Cell Reaction Kinetics

In electrochemical reactions, electrons are transferred between an electrode and
a chemical species at the interface between an electrode and an electrolyte [15][25][26].
The direction of electron flow depends on the potential of the electrode relative
to the electrolyte as shown in Figure 3.1 [15][25][26]. By changing the potential
of the electrode in an electrode-electrolyte system, the current density j, defined
as current per unit area (A/cm?), can be measured. The reaction kinetics of a

system can be understood by examining the current density response.
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Electrode Electrolyte  Electrode Electrolyte  Electrode Electrolyte

A —| (B C —
(A) e (B) (C) e

Fermi
Level Fermi
Level

Fermi
Level

FIGURE 3.1: The potential of the electrode, i.e. the Fermi energy

level of the electrons, is (A) higher than the electrolyte (B) equal

to the electrolyte (C) lower the electrolyte. The electrons transfer
from high to low potential. Figures adapted from [15][26].

In order for a chemical species to undergo a reaction, they must first over-
come the activation barrier (Figure 3.2). The activation energy is the energy
required for the chemical species to overcome the barrier. It directly affects the
reaction rates which in turn affects the current density of the electrochemical

system. The relationship can be described as the following:

-act
] = CEfeﬁi"lG’ (31)
j=nFJ 3.2)

_AGE
j= nFci'%felli\iTG (3.3)
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where ] is the reaction rate, c}; is the reactant surface concentration (mol/cm?), f
is the decay rate to products, R is the gas constant, T is the temperature, n is the

number of electrons and F is the Faraday’s constant.

Reactants

Free Energy

Products

FIGURE 3.2: The energy diagram for a chemical reaction. The re-

actant species must overcome the potential barrier, GH, for the re-

action to occur. Additionally, there is a non-zero probability the

electrons will fall back to the reactant side at the peak. Catalysts

and external energy can be used to lower the barrier and modify
its shape [15]. Figures adapted from [15].

Equation 3.3 provides several options to improve the current density. In-
creasing the reactant concentration, temperature of the fuel cell and active sites
can increase the current density[15]. Similarly, decreasing the activation barrier
by choosing the appropriate catalysts will also increasing the current density.
For this thesis, only the catalytic materials and the surface structures were ex-

amined while keeping the other parameters fixed.
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3.2 Cyclic Voltammetry

Cyclic voltammetry is a powerful electrodechemical technique, commonly used
to study oxidation and reduction of chemical processes. It is a half-cell tech-
nique as only one electrode of a fuel cell is studied at a time. The standard tech-
nique involves a set of three electrodes: a working electrode, reference electrode
and counter electrode [15][25][26]. A potentiostat is used to vary the potential
between the working and reference electrodes while measuring the current be-
tween the working and reference electrodes as shown in Figure 3.3a. Recall in
Section 3.1, the current density in an electrode chemical system is determined
by the potential of the electrode relative to the electrolyte. By varying the poten-
tial of the electrode as shown in Figure 3.3b, the reduction or oxidation current
density of the system can be measured. The potential values at which the re-
duction and oxidation currents begin to flow are defined as the onset potentials
of reduction or oxidation [25]. A reference electrode, whose potential remains
constant regardless of the current flow, is used to accurately measure the poten-

tial[25][26]. For fuel cell studies, the working electrode is the cathode or anode.
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]

Counter Reference Working
Electrode Electrode Electrode

(a)

<
N

Current Density

Potential

<
N

Onset Potential Onset Potential

T, Ty T, Potential

(B) (€)

FIGURE 3.3: (A) Potentiostat setup to study half cell. (B) Voltage

profile between the working and the reference electrodes. (C) The

current response of the half cell as a function of the sweeping po-
tential.

The choice of reference and counter electrodes depends on the system in
study [25] [26]. For example, the surface area of the counter electrode must be
greater than the surface area of the working electrode so that it does not inhibit
the reactions that occurs at the working electrode [26]. The sweep rate of the

potential also affects the observed current [25][26]. This can be seen from the
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Randle-Sevéik equation

nFvD, 172

=7 (3.4)

jp = 0.446nFAC(

where j, is the observed current density, n is the number of electrons involved
in the reaction, A (cm?) is the geometric surface of the electrode, D, (cm?s7 1) is
the diffusion coefficient of the oxidized analyte, and C° (mol cm~—3) is the bulk
concentration of the analyte. Faster sweep rates decrease the size of the diffu-
sion layer which increases the current densities [26]. The cyclic voltammetry
measurements in this study were done using an Ag/AgCl reference electrode
and 1.0 cm diameter carbon rods as the counter electrodes in 0.1M HCl with
and without 0.5M H,O, at 10 mV/s to determine the onset potentials of the

catalysts. The onset potentials are used for anode selections.

3.3 Linear Sweep Voltammetry

Similar to cyclic voltammetry technique, linear sweep voltammetry (LSV) tech-
nique involves changing the potential or current density between the working
and reference electrodes. However, the potential only sweeps in one direction
in LSV. Additionally, LSV is commonly used to study a full cell in which the ref-
erence electrode also acts as the counter electrode [15]. In literature, LS voltam-
mograms, also called polarization curves are the standard way of reporting the
overall performance of the fuel cell[15]. In an ideal fuel cell, the voltage re-
mains constant as the current density changes. However, in a real cell, there

are three loss modes associated with the current density (Figure 3.4): activation
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loss, ohmic loss and concentration loss [15][25]. The operating voltage of a fuel

cell with the losses is:

+c-In L ) (3.5)

V = Eterno — (223 (a; +biln())) +jR L=

ohmic

where Eyjepmo is the predicted voltage of the fuel cell, a; and b; are empirical
constants, j is the current density, j;, is the current limiting density, and Rj,;c is
the total resistance of the electrolyte and the conducting components [15]. These
losses in turn affect the output power density or performance of the fuel cell.
The power density of a fuel cell can be found by multiplying the potential value
and the corresponding current density on the polarization curve. In general,
high performance fuel cell will produce high voltage, i.e. lower loss, at a given
current density [15]. In this study, polarization method was extensively used to

compare the performances of the catalysts.
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FIGURE 3.4: (A) A typical j-V curve of a battery or a power supply.

The voltage remains constant for different load values.(B) Activa-

tion loss (B1), resistive loss (B2), and concentration loss (B3) in fuel
cells. (C) An j-V curve of a fuel cell. Figures adapted from [15].

3.4 Electrochemical Impedance Spectroscopy

Fuel cells can be modeled as electrical circuits consisting of resistors, capacitors
and inductors (Figure 3.5a) [15]. The impedance of a fuel cell, which relates to
the losses, can be determined by examining the frequency response of the cell.
Electrochemical impedance spectroscopy (EIS) involves perturbing a cell with
a sinusoidal wave with an rms amplitude of approximately 10 mV at different
frequencies and measuring the current density response. The impedance for the

electrical components are:

Xg = R (3.6)
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1

Xc = —
C wC

(3.7)
X, = wl (3.8)

with R, C and L being the resistance, capacitance and inductance of the com-
ponents, respectively, and w(rad/sec) is the radial frequency of the sinusoidal
wave. Equation 3.7 and 3.8 show that the impedance increases or decreases
at different frequency. This can be utilized to study the losses of a fuel cell in
detail. The results are represented on a complex impedance plane as shown in
Figure 3.5b. Different softwares can be used to fit and estimate the impedance of
the electrical components. The resistive elements represent the activation losses
of the electrodes and the resistances of the electrodes, electrolytes and wires
[15][27]. The capacitance can be associated with the porosity of the electrodes
[15][27]. A diffusion element called Warburg impedance (labeled W in Figure
3.5) represents partial or complete mass transport diffusion control [27]. War-
burg impedance is more prominent at the lower frequency and can be identi-
tied by a 45° line on the Nyquist plot [15][27]. The rms voltage of the waveform
should be closed to the value where mass transport loss is dominant. While
providing a powerful tool to characterize fuel cell systems, EIS results can be
difficult to interpret, and hence, was used qualitatively in this study. Gamry In-
struments software was used to perform fittings. Each model fitting came with
a goodness of fit value and percentage errors for the impedance. The models
that had the lowest goodness of fit value and percentage errors were chosen to
represent the systems. Also, Gamry Instruments software provided a tool to

calculated the capacitance from the fittings. More information in the methods
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used can be found in Gamry Instruments” application note [28].
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FIGURE 3.5:

(a) The circuit equivalent for a single elec-
trode/electrolyte interface where R; is resistance of the electrode,
R; is the resistances of the electrolyte and the cables/connectors,
C; is the capacitance of the double layer, and W is the linear dif-
fusion element. (b) The Nyquist plot of EIS experiment. Figure
courtesy of [27].
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Chapter 4

Results and Discussion

4.1 Introduction

Several catalysts were examined in SCMFC with H,O; acting as both fuel and
oxidizer. The results of these studies are presented in this chapter. First, the
cyclic voltammetry technique was used to determine the onset reduction poten-
tial of HyO; on the cathode. The results were used for the anode selection pro-
cess. For several materials, the onset reduction potentials were already known.
Next, for comparative studies, the polarization technique was used to deter-
mine the open circuit potentials and the maximum output powers of the fuel
cells. Lastly, the EIS technique was used to qualitatively determine losses of the

fuel cells.
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4.2 Metallophthalocyanine Electrocatalysts

4.2.1 Introduction

In nature, the most common enzymes found in plants and animals contain por-
phyrin complexes, which are responsible for catalytic aerobic oxidation, reduc-
tion, transport of dioxygen, as well as destruction of peroxides [29][30]. How-
ever, using synthetic porphyrin complexes (Por) as catalysts is not practical due
to high cost of preparation at large scale [31]. Recently, metallophthalocyanine
(MPcs), which are structurally similar to Por, has gained many attractions for
their catalytic properties [30-33]. Figure 4.1 shows the structure of MPc and
porphyrins. High oxidation and reduction properties have been observed by
incorporating metal atoms into the PC ring forming a 7r-electron conjugation
[30][32]. Furthermore, MPcs exhibit high chemical and thermal stability, which
are ideal in fuel cells, and are readily accessible in a large scale at low cost [31].
The choice of transition metals were based on their catalytic properties. FePc
have shown to be one of the most effective catalytic materials for ORRs where
active sites locate at the FeNy moieties which has been attributed to the uncom-
mon spin state of Fe(II) electron [34-37]. For this reason, FeyN(x=2,4) was also
chosen as a catalyst to compare with FePc performance. Copper based com-
plexes exist in many biological processes as catalysts for ORR [33][34]. Cobalt
metal complexes have been shown to be exceptional HyO, catalyst and have
been used in Hy,O, sensors [40-42]. Cobalt Pc has also been used as an effective
catalyst in microbial fuel cells [43-46]. Hence, CuPc and CoPc were chosen as

catalysts in this study. The results for this study have been published on ECS
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FIGURE 4.1: MPc structure vs. Porphyrin. Figure courtesy of [31].

Journal of Solid State Science and Technology.

4.2.2 Electrode Preparations

Fe(II)Pc (96%) and Co(Il)Pc were purchased from Alfa Aesar, Cu(Il)Pc B-form
(97%) from Aldrich Sigma and FeyN from BTC Chemical. The electrocatalytic
reduction of HyO,was examined in a three-electrode cell with a strip of car-
bon paper coated with MPc or Fe,N as cathodes, a Ni mesh as the anode, and
an Ag/AgCl reference electrode. The Ni anode and MPC cathode act as se-
lective electrodes for the HyOyoxidation and reduction, respectively. Thus, a
one-compartment fuel cell without a membrane separator between the anode

and cathode can be realized. One of the drawbacks of PC complexes is their low
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electron conductivity [30]. Hence, to improve the electrocatalytic activity, con-
ductive materials were necessary in preparing the electrodes. For this purpose,
the MPCs were mixed with carbon black, multi walled carbon nanotubes, and
polyvinylidene difluoride (PVDF) as the binder. The ratios of the powder mix-
tures were 80% MPC powder, 9% MWCNTs, 9% PVDF binder, and 2% carbon
black. N-Methyl-2-pyrrolidone (NMP) was added to the powder mixtures to
produce a paste which was applied to carbon paper strips that had been rinsed
with ethanol and dried in an oven at 60°C for 15 minutes. The physical surface
area of the applied region was 1 cm? The electrodes were left to dry overnight.
Lastly, the electrodes were annealed at 110°C under low vacuum and cooled

overnight.

4.2.3 Results and Discussion

Cyclic voltammetry experiments were carried out with the electrodes immersed
in an electrolyte that consisted of 40 mL equivolume of 0.5 M H;Oand 0.1 M
HCl. Ag/AgCl served as the reference electrode (reported vs. SCE) and 1 cm
diameter carbon rods were used as the counter electrodes for the experiments.
A Gamry potentiostat was used for the electrocatalytic measurements. Before
the experiments began, the cells were allowed to stabilize for 10 minutes. All
experiments were done at 10 mV s~ ! sweep rate. Each material was examined in
electrolytes with and without H,O, to determine the background effect. Cyclic
voltammograms of the four catalysts examined are shown in Figure 4.2, where
the voltage sweeps without HyO,are shown in orange and with H,O, in blue.

From the sweeps with H,O,, the potentials for onset of the catalytic currents of



Chapter 4. Results and Discussion 29

the peroxide reduction were observed. The reduction onset potentials of FePC,

CoPC, CuPC and Fe,—; 4N were 0.56 V, 0.42 V, 0.51 V and 0.57 V, respectively.
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FIGURE 4.2: Cyclic voltammograms of H,O, on carbon paper

modified with supported MPc complexes and Fe,—; 4N. (A) FePC,

(B) CoPC, (C) CuPC and (D) FexN. The measurements were made

in 0.1 M HCl with (in blue) and without 0.5 M H,O; (orange). Scan
rate of 10 mV s~! was used for the experiments
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The performances of the fuel cells were examined by recording polariza-
tion curves via linear potential sweep voltammetry to determine the poten-
tial-current density and power density characteristics. The sweep rate for the
polarization curves was 500 uA- s~! and the electrolyte composition was the
same as for voltammetry. The results are shown in Fig. 2. The OCPs of the fuel
cells were measured at the beginning of the polarization curves. The OCPs for
FePC, CoPc, CuPc, and Fe,—, 4N were determined to be 0.56 V, 0.48 V, 0.57 V,
and 0.58 V, respectively. The power densities of the fuel cells were FePC and
CoPC, CuPC, and Fe,—, 4N were 2.8 mW-cm~2, 0.28 mW-cm 2, 0.27 mW-cm 2

and 0.76 mW-cm 2, respectively.
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FIGURE 4.3: Polarization curves for MPcs and Fe, —; 4N. While all
open circuit potentials of the material, except CoPc, are similar,
FePc has the highest maximum power density.

Electrodechemical impedance spectroscopy in the range of 1 mHz to 1 MHz
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was used to better understand the behaviors of the fuel cells.The rms volt-
age of the waveform was chosen to be 10 mV where diffusion loss (Warburg
impedance) would be dominant. The Nyquist plots of the experiments are
shown in Figure 4.4 and a summary of the fit results is shown in Table 4.1. FePc
fuel cell has the lowest impedance (26 () measured) and CuPc fuel cell has the
highest impedance (6 k() measured) of the 4 fuel cells in study. From the fit re-
sults, FePc activation loss is magnitudes lower compared to the other fuel cells
which might be the main factor for the output current density. In CuPc fuel cell,
as the frequency approach 1 mHz, the system became unstable due to the unsta-
ble OCP. The effect can be seen in Figure 4.4c where the fit result and the mea-
sured result diverged. Warburg impedance did not appear within the frequency
range for all four fuel cells. An attempt to extend the low frequency limit (data
not shown) to measure the impedance. However, the systems became unsta-
ble as the anode was dissolving. Comparing the capacitances in Table 4.1, FePc
exhibits high capacitance, at 2.35 F- cm 2, which suggested that FePc cathode
has high porosity compared to the other three fuel cells. Low activation losses
and highly porous structures might be the main factors for FePc fuel cell’s high

performance.
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FIGURE 4.4: The Nyquist plots and fitting lines of MPc and Fe,—; 4

fuel cell EIS experiments. The results are on different plots due to

the range differences with (A) results for FePc, (B) results for CoPc

and Fe,_, 4 and (C) CuPc. FePc fuel cell impedance is magnitudes

lower compared to the other three fuel cells. The results agreed
well with the polarization results (Figure 4.3).

| Cathode Resistance (Q2) | Anode Resistance (Q2) | Total Resistance (Q0) | Cathode Capacitance (mF) [ Anode Capacitance (uF)

FePc 2.25 10.54 12.8 2.35x10 367

Fe,_p4N 3.19x 10° 7.912 322x10° 33.2 192
CoPc 791.6 27.39 830 1.80 126
CuPc 7.72x10° 30 7.79 x 10° 2.97 0.109

TABLE 4.1: A summary of EIS fitting results for MPc and Fe,—» 4N
experiments. Different equivalent circuit models were used for the
fittings. Models with the lowest goodness fit values and error val-
ues for the components were reported. Gamry software parallel
resistance was used to calculated the capacitances.
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4.3 Vitamin B12

4.3.1 Introduction

As mentioned in Section 4.1, cobalt metal complexes are promising catalytic ma-
terials for H,O,. Cobalamin/Vitamin B12 has been projected as one of the most
competent electrocatalyst for H,O, sensing [35]. Figure 4.5 shows the struc-
ture of Vitamin B12. Recently, cobalamin/Vitamin B12 functionalized N-doped
graphene was used for H,O, sensing [17]. Bhat et al. showed that the mate-
rial was electrochemically stable and reusable electrocatalyst. Hence, a short
experiment was done with Vitamin B12 as a cathode material for SCMHEFC. It
was noted that unmodified cobalamin could be unstable under acidic environ-
ment [17]. Hence, two different electrode preparation methods were used for a

comparative study.
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FIGURE 4.5: Molecular structure of Cobalamin/Vitamin B12. Im-
age Courtesy of [36].

4.3.2 Electrode Preparations

The Vitamin B12 powder was purchased from BTC Chemical. Two different
electrode preparation methods were used to make Vitamin B12 electrodes. The
tirst method was similar to the method used in 4.1 for metallophthalocyanine,
denoted as the paste method. For the second method, denoted as the ink method,
a mixture consisted of Vitamin B12 (54.9 mg), MWCNTs (3.2 mg), carbon black
(3.5 mg), isopropanol (10 mL), and DI water (2 mL) was added to a closed glass
container and sonicated for 20 minutes. An additional 5% wt Nafion (0.30 mL)
was added to the mixture and further sonicated for 20 minutes. Next, the mix-
ture was transferred to a mist sprayer and sprayed on a carbon paper strip un-

der a fume hood. A lamp was used to accelerate the drying process. Lastly, The
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electrode was annealed under vacuum at 60°C for two hours and left to cool

overnight. The total weight added to the carbon paper strip was 24.1 mg.

4.3.3 Results and Discussions

The cyclic voltammetry and EIS data are not available for the experiments. The
polarizing experiments were carried out in equivolume of 0.5 M H,Osand 0.1
M HCl at 1 #A -cm~2 scan rate. The results are shown in Figure 4.6. The OCPs
for the ink and paste methods were 0.49 V and 0.48 V, respectively. The out-
put power densities of the ink-method and paste-method fuel cells were 0.065
mW-cm ™2 and 0.18 mW-cm ™2, respectively. The low output power densities
was likely due to the poor contact between the ink and the carbon paper strip
and not enough catalyst mass. A problem arose during the experiments. The
cathode materials began to dissolve immediately after submerged in the ana-

lytes. An example of the incident is shown in Figure 4.7.
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electrode preparation methods were used to create the electrodes.

FIGURE 4.7: Electrode bleeding effect of Vitamin B12 electrodes

immediately after submerged in the analytes.
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4.4 Prussian Blue

44.1 Introduction

Prussian blue, iron(IIl) hexacyanoferrate(Il) or ferric ferrocyanide was found in
1706 [37]. Kraft provided a summary of prussian blue history and its applica-
tions [37]. Prussian blue is a mixed valence transition metal complex compound
that possesses a cubic lattice structure Fe(III)-C-N-Fe(II)-N-C sequences. Since
its discovery, prussian blue has been widely used in many different applications
such as poison antidote for radioactive cesium and thallium in human body [38]
[39], electrochroism [40] and batteries [41]. Application of prussian blue has also
extended to catalyst in fuel cells, microbial cells and microbial batteries. prus-
sian blue has been used in glucose sensors to catalyze the reduction of prussian
blue into water and oxygen [42][43]. Yamada et al. and Shaegh et al. have used
prussian blue and its analogous as cathode materials in SCMH fuel cell. In this
study, prussian blue’s surface structure and composition were modified to ex-
amine the electrocatalytic activities of the cathodes in SCMFC. Porous Fe/Fe3C
nanoparticles, derived from prussian blue, exhibit high electrocatalytic activity
compared to the unaltered prussian blue and has been used as anode material
in supercapacitor [44]. Prussian blue and prussian blue analogous porous cube
have also been used to boost its electroactivity [57-59]. The modified materials
have not been used in SCMH fuel cell and, hence, were chosen to be used as the

cathode materials for this study.
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4.4.2 Material Synthesis
4.4.2.1 Hollow Fe-Fe Prussian Blue Cubes

Polyvinylpyrrolidone (PVP, MW = 58,000) was purchased from Beantown Chem-
ical, K3Fe(CN), and hydrochloric acid were purchased from Portland State Uni-
versity chemistry stockroom. The synthesizing method was adapted from [45].
In short, prussian blue cubes were made by, first, mixing PVP (3.0 g) with 10 mM
hydrochloric acid (40 mL) for 5 minutes. Then, K3Fe(CN), (0.11 g) was added to
the solution and stirred for another 30 minutes. Next, the mixture was aged for
20 hours at 80° C. After 20 hours, the particles were washed with ethanol and
deionized water several times and dried in vacuum overnight at 40° C.

To create hollow porous prussian blue cubes, the solid PB cubes (20 mg) and
PVP (200 mg) were added 1M HCI (20 mL) and stirred for 2 hours. Next, the
mixture was heated to 140°C for 4 hours. After aging, the particles was allowed
to cool to room temperature before washing ethanol and DI water. Lastly, the

collected material was dried in vacuum overnight at 50°C.

4.4.2.2 Fe/Fe;C Nanoparticles

Prussian blue was purchased from Sigma Aldrich. To create porous Fe/Fe3;C
nanoparticles, the purchased prussian blue powder was heated to 850° C under
nitrogen gas for 2 hours, then allowed to cool to room temperature. The overall

reaction of the decomposition is [44]:

Fey [Fe(CN)g )3 - 4H,0 — 4Fe + 5(CN) ) + 7C + 4N + 4H,0 + FesC (4.1
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FIGURE 4.8: SEM images of (A) Prussian blue as purchased, (B)
porous Fe/Fe;C particles and (C) Co-Fe prussian blue porous
cubes.

4.4.3 Electrode Preparations

Electrode preparation methods were similar to the methods in MPC electrodes.

44.4 Results

Shaegh et al. reported 0.6 V to be the onset potential for H,O, reduction on
prussian blue electrode in equivolume of 0.1 M HCl and 0.5 M H,O,. Polariza-

tion curves for prussian blue, hollow porous Co-Fe prussian blue and Fe/Fe3;C
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nanoparticles are shown in Figure 4.9. The OCP for prussian blue, prussian blue
cubes and Fe/Fe3C are 0.53 V, 0.68 V and 0.56 V, respectively. Also, the power
densities are 1.20 mW-cm2, 1.00 mW-cm2, 2.60 mW-cm™ for prussian blue, hol-
low porous prussian blue and Fe/Fe3zC nanoparticles, respectively. For prussian
blue-nickel hydrogen peroxide fuel cell, Shaegh et al. [46] reported an OCP of
0.6V and a power density of 1.55 mW-cm™ which are 0.07 V and 0.35 mW-cm™
higher than the results from this study. The differences were likely due to the
cathode compositions and the cell setups. The hollow porous Co-Fe prussian

blue, while having the highest OCP of the three materials, has the lowest power

density.
0.7 T T T T T T 3 T T T T T T
=6~ Prussian Blue -6~ Prussian Blue
4= Hollow Porous Co-Fe Cube ~3- Hollow Porous Co-Fe Cube
Fe/Fe,,C Nanoparticles Fe/Fe,C Nanoparticles
0.6 o5k
i} —
G e
051 ;
E?
< >
204r £
g 5
= 815
g 2
o
e 0.3 g
=]
O 1t
=
021 g
o
o
05
0.1 5
0 1 1 1 1 1 L N 0& 1 1 1 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Current Density (mA cm '2) Current Density (mA cm '2)

FIGURE 4.9: Polarization results for prussian blue and Fe/Fe;C
nanoparticle with nickel anode fuel cells.

The electrochemical impedance spectrograms for the three fuel cells are shown
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in Figure 4.10. Gamry Echem Analyst software was used to fit the data to deter-
mine the impedance values of the modeled circuit elements. For the frequency
range of the experiments, the Warburg lines did not appear, and hence, the fits
were performed without the Warburg element. Table 4.2 shows the fitting re-
sults. Fe/Fe;C fuel cell has the lowest total resistance of the three fuel cells. As
mentioned in Section 3.4, the capacitance value of the double layer is related to
surface area of an electrode. From the results, the capacitances of Fe/Fe;C and
porous Co-Fe cube electrodes are a magnitude larger than the prussian blue
electrode which suggested that their surface areas are higher than the prussian
blue electrode. The low power nature of the porous Co-Fe cube fuel cell is likely
due to low permeability. Porous materials may exhibit low permeability if the

pores are closed or not connected [15].

Cathode Resistance (Q) | Anode Resistance () | Total Resistance () | Cathode Capacitance (mF) | Anode Capacitance (F)
Prussian blue 165.7 8.378 182.1 6.70 195
Porous Co-Fe Cubes 140.9 3117 188.9 20.60 742.0
Fe/Fe3C 4.48 3.489 19.93 25.40 162

TABLE 4.2: A summary of EIS fitting results for prussian blue,

porous prussian blue cube and Fe/Fe3C experiments. Different

equivalent circuit models were used for the fittings. Models with

the lowest goodness fit values and error values for the components

were reported. Gamry software parallel resistance was used to cal-
culated the capacitances.
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plot.
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Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis, single compartment membraneless hydrogen peroxide fuel cell
was studied as a potential solar energy converter to combat climate change.
Different catalytic materials for hydrogen peroxide were studied and used in

the fuel cells. To summarize:

¢ For metallophthalocyanine (FePc, CoPc, and CuPc) and iron nitride (Fey—3 3N)

fuel cells:

- Using cyclic voltammetry, it was found that the onset potential of
H,O; reduction on Fe,—; 3N, FePc, CoPc, and CuPc were 0.57 V, 0.56
V,0.42 'V, and 0.51 V, respectively. Hence, nickel mesh was chosen to

be the anode material for the fuel cells.

- Using nickel mesh as the anode material, the polarization results showed
the open circuit potential for Fe,—; 3N, FePc, CoPc, and CuPc were
0.58V,0.56 V, 0.48 V, and 0.57V, respectively. The power densities, in

the same order, were 0.76 mW-cm~2, 2.8 mW-cm ™2, 0.28 mW-cm 2,
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and 0.76 mW-cm 2, respectively. FePc cathode with nickel mesh pro-
duced the highest output power density compared to the materials in

this series.

— The EIS results revealed that FePc fuel cell had the lowest total resis-
tance, 12.8 (), and highest cathode capacitance, 2.35 x 103 mF. While
Fe,—> 3N fuel cell had the second highest total resistance, 3.22 x 103Q),
the cathode capacitance was a magnitude higher, 33.2 mF, compared

to CoPc and CuPc fuel cells.
e For vitamin B12 fuel cells:

— Two different electrode preparation methods were used to address

the stability issue of vitamin B12 in acidic environment.

— The polarization results showed that while having the same OCP of
about 0.48 V, the power density of the paste-method Vitamin B12 fuel
cell was 0.18 mW-cm ™2 which was 2.5 times higher than the ink-

method.

— In both fuel cells, the cathode materials immediately began to dis-
solve when immersed in the electrolytes. This concluded that the
preparation methods did not resolve the issue of vitamin B12 dis-

solving in acidic environments.
* For prussian blue, prussian blue cube, and Fe /Fe3C nanoparticle fuel cells:

— The polarization results showed that the OCP for the PB, PB cube,
and Fe/Fe3C nanoparticle fuel cells were 0.53 V, 0.68 V, and 0.56 V,
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respectively. The output power densities, in the same order, for the
fuel cells were 1.55 mW-cm~2, 1.00 mW-cm ™2, and 2.60 mW-cm 2.
The power density of the Fe/Fe3C fuel cell was 2 times higher than
the PB fuel cell’s power density in this study and 1.7 times higher

than what was reported for PB fuel cell.

— The EIS results showed that Fe/Fe3;C fuel cell total resistance (19.93
(1) was a magnitude lower than the other two fuel cells. The total
resistances of PB and PB cube fuel cells were similar, but the cath-
ode capacitance of PB cube fuel cell was a magnitude higher. Since
capacitance of an electrode is proportional to the surface area of the
electrode, its suggests that low permeability was the main reason for

the low power output density in PB cube fuel cell.

5.2 Future Work

Further tests and experiments are required to deepen the understanding of the
materials’ characteristics. Till now, only electrochemical techniques are used to
characterize the cathode materials and the fuel cell systems. These techniques
alone cannot be used to explain why certain materials outperformed the others.
For example, the porous PB cube cathode, with high surface area, was expected
to perform better than the unaltered PB; the polarization results showed other-
wise. While the EIS results suggested that low permeability might be the issue,
more rigorous techniques are required for quantitative confirmation. So for the

future work:
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¢ Using ex situ characterization techniques to rigorously determine the struc-

ture of the catalytic materials and the chemistry of the fuel cell systems.

¢ Vitamin B12 has been shown to be a promising material for SCMHEFC.
Hence, it will be worthwhile to determine how to overcome the stability
issues in acidic environments. As a start, Bhat et al. has shown that Vita-
min B12 functionalized N-doped graphene is stable in acidic environment.

The material has not been used in SCMHEC.

e The effects of H,O, concentration and the distance between the electrodes
have not been examined. An insight to these parameters could explain the
difference observed between the results of PB fuel cells in literature and

the results in this thesis.

* The long term stability of the fuel cells has not been examined. This can

be done using chronoamperometry or chronopotentiometry.

¢ Lastly, while stacked SCMHFC was assembled in this thesis for demon-
stration purposes, it has not been studied in-depth to determine potential

shortcomings.
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