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Abstract

The demand for grid-scale energy storage has become more and more significant as the world
continues to move towards renewable and sustainable energy storage technologies. Capacitors
and batteries are the energy storage devices used in almost all electronic devices. Capacitors are
capable of delivering high power densities, since their charge/discharge processes are faster
compared with batteries. Batteries are able to store significant amounts of energy (high energy

density) due to the nature of the electrochemical reactions occurring when charging.

The first study in this work investigated the performance of asphaltene based carbon fibers (CF)
as the electrode material for EDLSs. Asphaltene based activated carbon fibers (ACF) were
prepared via chemical activation using KOH pellets. The activation ratio (mass(KOH)/mass(CF))
was varied in the range of 1-4. N> physisorption was employed to investigate the SSA and
porosity of the ACF-R samples (R = activation ratio). The best performing sample (ACF-3) in
this work had a Brunauer-Emmett-Teller (BET) SSA of ~2300 m? g'! and a total pore volume of
1.27 cm?® g'!. The EDLS fabricated with ACF-3 had a specific capacitance of 205 F g’ at 40 mA

g

The focus of the second study was to use ACF as a conductive substrate for birnessite type MnO>
(0-MnQy) as the active material for a pseudocapacitor. ACF-3 was chosen due to its high
electrical conductivity and superior capacitance reported in the first study. 6-MnO; was prepared
through a hydrothermal method. Due to the poor performance of the as prepared material, an
annealing step was employed in an oxygen-deficient environment to introduce oxygen-deficient
defects and porosity into the microstructure. A temperature of 400 °C was the optimum

annealing temperature (400-6-MnQO3). Sample 400-6-MnO, was then synthesized as a coating on
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ACF-3 (ACF-400-3-MnO,). The pseudocapacitive performance of ACF-400-5-MnO, (328 F g’!
at 0.4 A g'!) was superior to that of 400-5-MnO, (195 F g at 0.4 A g''), demonstrating the

improvement in the performance by using ACF-3 as the substrate.

The third study dealt with ZABs made with asphaltene based CFs. The main issues regarding
rechargeable ZABs are low efficiency and unstable cycling behavior. Spinel type MnCo0,04
nanoparticles were coated on carbon fibers and carbonized at 1500 °C (not activated) to fabricate
a homemade air electrode with electrocatalyst for ZABs. The cubic spinel phase was identified
and confirmed by SEM, TEM and X-ray photoelectron spectroscopy (XPS). This electrode
outperformed the benchmark Pt-RuQ; electrocatalysts with an efficiency of ~64% at 10 mA cm™
and stable cycling behavior for at least 100 h (200 cycles). The electrolytes used in this work for
half-cell and full-cell tests were aqueous, O> saturated 1 M KOH and aqueous 6 M KOH + 0.25

M ZnO.

The fourth study investigated the performance of the same homemade air electrode, developed in
Chapter five of this thesis (MnCo0204/CF), in an all solid-state ZAB. Alkaline poly(acrylic acid)
(PAA) based gel polymer electrolytes (GPEs), with different crosslinker concentrations, were
synthesized and studied. These electrolytes were examined via visual, rheological and
electrochemical tests. Visual and rheological tests revealed that a crosslinker concentration of 20
mM did not result in a GPE that qualified as a solid, but was liquid. Electrochemical tests
indicated that 30 mM of the crosslinker in the GPE (Hydrogel-30-mM) led to the best
performing electrolyte. Full cell battery tests showed that the battery made with MnCo204/CF
and Hydrogel-30-mM had very good performance with an initial efficiency of ~63% at 10 mA
cm, which degraded by only 6.5% after 200 cycles. The maximum power density achieved by

this battery was 240 mW cm™.
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The last part of this work studied the low temperature battery performance of an all solid-state
ZAB made with MnCo0,04/CF and PAA based GPE, that was developed in the previous study.
The battery performance was studied in terms of charge/discharge voltage and efficiency, cycle
life, power output and cell voltage in a temperature range of -45 °C to 21 °C. This battery
successfully completed 200 cycles of charge/discharge at all temperatures, without failure. The
current density used for the cycling test was 2 mA cm™, which is at least twice the value reported
in most of the literature. The power outputs at 0 and -45 °C were 75 and 12 mW cm™,

respectively.
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Preface

This thesis is focused on the development and characterization of homemade electrodes,
fabricated from asphaltene derived carbon fibers, for electrochemical double layer
supercapacitors (EDLSs), Faradaic pseudocapacitors and Zn-air batteries (ZABs). In addition,
the performance of all solid-state ZABs at room temperature and low temperatures was

investigated and characterized. The studies in Chapters 3, 4, 5, 6 and 7 are all my original work.

Chapter 3 was conducted in collaboration with Dr. Desirée Leistenschneider. Dr.
Leistenschneider developed and synthesized oxidized asphaltene fibers. I carbonized and
activated the fibers, prepared electrodes and the electrolyte and assembled the EDLS cells. All
characterization and electrochemical tests were performed by me. A version of Chapter 3 has

been published.

e Z. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Superior Performance of
Electrochemical Double Layer Supercapacitor Made with Asphaltene Derived Activated

Carbon Fibers,” Energy Technol., 2020, vol. 2000588, p. 1.

Chapter 4 was also conduced in collaboration with Dr. Leistenschneider who assisted in oxidized

asphaltene fiber preparation. A version of Chapter 4 has been published.

e 7. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Improved Capacitive Behavior
of Birnessite Type Mn Oxide Coated on Activated Carbon Fibers”, J. Electrochem. Soc.,

2022, vol. 169, p. 010507.

In the work presented in Chapter 5, Dr. Leistenschneider provided the oxidized asphaltene fibers

and the rest of the study was conducted by me. A version of Chapter 5 has been published.



e 7. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Spinel Type Mn-Co Oxide
Coated Carbon Fibers as Efficient Bifunctional Electrocatalysts for Zinc-air Batteries”,

Batter. Supercaps, 2022, vol. 5, p. €202100339.

Chapter 6 was conducted in collaboration with Mr. Jiayao Cui. Mr. Cui synthesized and
developed hydrogel electrolytes for the all solid-state Zn-air batteries. A version of Chapter 6 has

been published.

e 7. Abedi, J. Cui, W. Chen and D.G. Ivey, “Zinc-Air Batteries with Efficient and Stable
MnCo204/Carbon Fiber Bifunctional Electrocatalyst and Poly(acrylic Acid) (PAA) Based

Gel Electrolyte” ACS Appl. Energy Mater., 2022.

Chapter 7 was also investigated with the help of Mr. Cui who assisted in gel polymer electrolyte

preparation. A version of Chapter 7 has been submitted for publication.

e Z.Abedi, J. Cui, W. Cehn and D.G. Ivey, “Efficient Low Temperature Performance of
All Solid-State Zinc-air Batteries with MnCo204/Carbon Fiber Bifunctional
Electrocatalyst and Poly(acrylic Acid) (PAA) Polymer Electrolyte” Batteries and

Supercaps., 2022.

In addition to the above publications, I also contributed to a number of publications for my

groups members and other colleagues at University of Alberta:

1. Y. He, Z. Abedi, C. Ni, S. Milliken, K.M. O’Connor, D.G. Ivey and J.G.C. Veinot,
“CoNi Nanoparticle-Decorated ZIF-67-Derived Hollow Carbon Cubes as a Bifunctional

Electrocatalyst for Zn—Air Batteries”, ACS Appl. Nano Mater., 2022, vol. 5, p. 12496.
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2. D. Leistenschneider, Z. Abedi, W. Chen and D.G. Ivey, “Facile Dip Coating of
Asphaltenes-based Carbon Fibers with V,0Os for Supercapacitor Application”, Energy
Fuels, 2022, vol. 36, p. 3328.

3. A. McDougal, Z. Abedi and D.G. Ivey, “Tri- and Tetra-metallic Oxides Anchored to
Nitrogen-doped Carbon Nanotubes as Bifunctional Electrocatalysts for Rechargeable
Zinc-air Batteries”, J. Appl. Electrochem., 2021, vol 52, p. 437.

4. D. Leistenschneider, P. Zuo, Y. Kim, Z. Abedi , D.G. Ivey , A.D. Klerk, X. Zhang and
W. Chen, “A Mechanism Study of Acid-assisted Oxidative Stabilization of Asphaltene-
derived Carbon Fibers”, Carbon Trends, 2021, vol. 5, p. 100090.

5. P.Zuo, D. Leistenschneider, Y. Kim, Z. Abedi, D.G. Ivey, X. Zhang and W. Chen,
“Asphaltene Thermal Treatment and Optimization of Oxidation Conditions of Low-cost
Asphaltene-derived Carbon Fibers”, J. Ind. Eng. Chem., 2021, vol. 104, p. 427.

6. M. Labbe, M.P. Clark, Z. Abedi, A. He, K.C. Cadien and D.G. Ivey, “Atomic Layer
Deposition of Iron Oxide on a Porous Carbon Substrate via Ethylferrocene and an

Oxygen Plasma’, Surf. Coatings Technol., 2021, vol. 421, p. 127390.

My contributions in publication (1) included electrochemical tests and interpretation of the tests
results. In addition, all the electrodes and cells in this study were prepared and assembled by me.
My contributions to publication (2) were performing characterization, like scanning/transmision
electron microscopy (SEM/TEM), and analysis of the data and interpretation of the
electrochemical test results. My contribution to paper (3) included performing SEM and TEM in
addition to helping with electrochemical tests. My contributions to papers (4), (5) and (6) were

very similar. I performed SEM and helped with electrochemical tests/analysis.
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Chapter 1: Introduction

The effects of the greenhouse gases from fossil fuels on the earth’s climate have become
significantly apparent in recent decades. This has necessitated the search for alternative methods
of energy generation, conversion and storage. Renewable energy sources like wind and solar
technologies have been growing and improving rapidly and have become the one of the lowest
cost source of power in most parts of the world. However, the intermittent nature of wind and
solar power remains an issue as power on demand cannot be provided by these technologies.
Energy storage devices, like batteries and capacitors, are able to store the energy generated by
wind and solar during periods of high generation. This energy can then be released when in
demand. Cost-effective, safe, efficient and durable grid-scale energy storage devices are crucial

for a renewable energy economy. [1,2]

Capacitors are high power energy storage devices. Their versatility, safety and low cost make
them an appealing grid-scale energy storage option. The main components of a capacitor are two
electrodes and an electrolyte. Supercapacitors are advanced versions of traditional dielectric
capacitors that can achieve higher capacitance values. Electrochemical double layer
supercapacitors (EDLSs) and Faradaic capacitors (pseudocapacitors) are the two types of
supercapacitors. EDLSs store the energy, electrostatically, in their electrodes without any
contribution from electrochemical reactions, while pseudocapacitors take advantage of Faradaic
reactions (electrochemical) to store energy. The electrode material in pseudocapacitors often
benefits from high specific surface areas (SSAs) compared with dielectric capacitors. The charge
storage/release reactions in all capacitors benefit from fast reaction rates, which lead to fast
charge/discharge. This provides high power outputs for capacitors and supercapacitors.

Supercapacitors are often used to store the energy from wind technology. Supercapacitors are



also used in vehicles to respond during power demand spikes, in smartphones to extend battery
life, in transportation applications like braking recuperation systems and in computers as internal

back-up power. [3,4]

Batteries are another category of energy storage devices that have been used in grid-scale
applications due to their versatility. Many types of batteries are commercially available with
varying chemistry, energy and power density, safety issues, cycling behavior and cost. Compared
to supercapacitors, batteries have higher energy density and lower power density values. This is
due to the nature of the charge/discharge reactions and the electrode active material. Similar to
pseudocapacitors, batteries use Faradaic reactions in order to store energy. The Faradaic
reactions in pseudocapacitors occur at the surface of the electrodes (fast with no need for deep
penetration of the electrolyte). However, in batteries, Faradaic reactions take place throughout
the whole electrode and not just the surface, since the electrolyte needs to penetrate inside the
electrodes. This results in slower charge/discharge reactions (lower power density) and higher
energy density (throughout the whole electrode) in batteries compared with supercapacitors.

[5.6]

Batteries suffer from lower efficiencies and cycle life compared with supercapacitors. This is due
to the chemistry of the reactions taking place in the electrodes that can cause electrode/cell
degradation. Table 1.1 compares a few battery and supercapacitor technologies. [1,5-7] For grid-
scale applications, the most important design criteria are safety, cost, cycle life and energy
density. Table 1.1 also shows that some mature battery technologies, like lead-acid batteries, are
not suitable for grid-scale applications as they were developed for use in portable applications.
Lead-acid batteries were invented in 1859 but their low energy density, short cycle life and low

depth of discharge make them impractical for grid-scale energy storage. [1]



Table 1.1. Comparison of various energy storage devices

Device Power density Energy density Cycle life Efficiency Cost
(W kg (Wh kg™) (Cycles) (%) ($ kWh)
Supercapacitors >4000 1-5 >100,000 90-100 300-20,000
Pb-acid batteries 200-400 30-50 2000-4500 70-90 120-150
Redox-flow 100 30-50 >12000 60-85 150-1000
batteries
Li-ion batteries 315 155 >1200 80-90 250-350
Zn-air batteries 105 230 100-300 50-65 90-120

The electrode material in energy storage devices is one of the key factors that affects the device
performance in all aspects. High electrical conductivity, good stability (thermally and
chemically), ease of handling, safety, cost-effectiveness and good performance are the main
requirements for the electrode material. Carbonaceous materials have been investigated for use
as the electrode material in energy storage devices due to the appealing properties of carbon.
Asphaltene is a by-product of the oil sands industry in Canada, with much higher supply than
demand. Current applications of asphaltene include road and roof making and waterproofing.
Asphaltene benefits from a high carbon content which makes it a promising precursor for the
electrode material in energy storage devices. Approximately, 260,000 m? of bitumen are
produced in Alberta, Canada, every day. About 20% of this bitumen consists of asphaltene;
asphaltene is the heaviest and the most polar fraction of oil sands bitumen. [8] Asphaltene

increases the viscosity of bitumen significantly, which makes transport of bitumen via pipelines



difficult. Therefore, asphaltene is removed from bitumen during the bitumen extraction process.

[8,9]

Carbonaceous materials like carbon fibers, nanotubes and graphene have been used as the
electrode material in EDLSs. Often, chemical treatment of the precursor is required to increase
the SSA and introduce porosity into the microstructure (activated carbon). It is believed that the
capacitive behavior of EDLSs improves as the SSA and porosity of the electrode material
increase. Carbon based materials can also be coupled with other active materials like transition
metal oxides (TMOs) for use as the electrode material in pseudocapacitors. For example,
birnessite type MnQO; is an active material that is capable of intercalating the species in the
electrolyte and storing energy. However, TMOs suffer from low electrical conductivity due to
their insulating nature. Coupling TMOs with carbonaceous materials can improve the electrical

conductivity and the capacitive performance. [3,4,9]

Secondary Zn-air batteries (ZABs) are rechargeable versions of primary ZABs with the ability to
recharge and reuse. A typical ZAB includes a metallic Zn electrode, an air electrode which is
often carbon based and an alkaline electrolyte. Zinc-air batteries benefit from high energy
densities (Table 1.1), while their main issues are low battery efficiency and cycle life caused by
the sluggish reaction kinetics taking place at the air electrode. The oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) occur during discharge and charge at the air
electrode, respectively. The use of an effective electrocatalyst in the air electrode is crucial to
improve the kinetics of ORR/OER and battery performance. Precious metals like Pt and Ru, have
conventionally been used as the electrocatalyst in ZABs. However, these materials are costly,

rare and may suffer from unstable battery performance. TMOs show promising catalytic activity



towards ORR/OER in ZABs. Similar to pseudocapacitors, carbon based materials like carbon

nanotubes and fibers can be coupled with TMOs to further improve battery performance. [10]

The purpose of this work was to develop and investigate the use of asphaltene based carbon
fibers as the electrode material in EDLSs, pseudocapacitors and Zn-air batteries. Chapter 2 of
this work presents a literature review, summarizing the recent literature and background
information about EDLSs, pseudocapacitors, ZABs and characterization techniques. Chapters 3-
7 include the results of my Ph.D. research that were published as journal articles. Conclusions

and recommendations for future work are presented in Chapter 8.



Chapter 2: Literature Review

2.1 Electrochemical Energy Storage Devices

New energy storage technologies are potential solutions to the need to decrease the world’s
dependence on fossil fuels, due to environmental problems and global warming. Many renewable
energy sources like solar or wind do not provide energy on demand; this necessitates the ability
to store the energy when available (the wind is blowing or the sun is shining) and utilize this
energy when needed. Electrochemical energy storage devices have been proven to be effective
options for grid scale energy storage. Based on the type of mechanism used to store energy and
the electrode material, energy storage devices can be divided into different categories, i.e., fuel
cells, batteries, capacitors and electrochemical supercapacitors. Among the various energy
storage devices, batteries and electrochemical supercapacitors (electrochemical double layer
supercapacitors and Faradaic supercapacitors) have played important roles in both industry and
academia. Also, apart from grid scale storage, electrochemical energy storage development is
largely driven by consumer electronics such as mobile phones and hybrid/electric vehicles.

[6,11]

2.1.1 Batteries

Batteries store energy due to Faradaic processes and usually exhibit high energy densities. [12]
However, the kinetics of the chemical reactions limit the rate at which energy can be provided,
which usually leads to low power densities. [13,14] These devices store and release charge
throughout the bulk of the electrode material. The resulting thermal and mechanical stresses in
the electrodes and electrolyte (liquid, gel, or solid) are principal causes of degradation in
batteries and their lower cycle lives compared with supercapacitors. Electrochemical double

layer supercapacitors are stable up to thousands and even tens of thousands of cycles. [15,16]



Figure 2.1 shows a Ragone plot that compares different energy storage devices in terms of
energy and power outputs. [17] Batteries (bottom-right) can provide high energy densities,
although they may suffer from low power densities. On the other hand, capacitors and
supercapacitors (top-left) deliver lower energy densities than those for batteries in shorter times

that result in higher power densities. [9]
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Figure 2.1. Ragone plot showing power density vs. energy density for different energy storage

devices. [17]

2.1.1.1 Metal-air Batteries

One important performance metric for many battery applications is specific energy (in Wh kg™)
or energy density (in Wh cm™). The theoretical energy values for metal-air batteries are
exceptional, due to their use of ambient air as the reactant during the discharging process. This
eliminates the need for an on-board oxygen source; i.e., in metal-oxygen batteries. Metal-air
batteries usually consist of a metallic electrode and an air electrode which is often carbon based.
Zn, Li, Al, Mg and Fe are examples of metals used in metal-air batteries. Figure 2.2 represents a

comparison of practical and theoretical energy densities for various batteries, Hp-air fuel cells



and gasoline. Comparison of metal-air batteries suggests that Li-, Mg- and Al-air technologies
can outperform Zn-air; however, there are many serious issues affecting the development of
these batteries. Mg and Al suffer from severe corrosion in aqueous electrolytes, even though it is
possible to operate Mg- and Al-air batteries. Li-air batteries need to be operated in non-aqueous

electrolytes (e.g., organic); these electrolytes are often costly and unsafe. [12,18]
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Figure 2.2. Comparison of energy densities of some representative types of batteries alongside

gasoline and H»-air fuel cells. [19]

2.1.1.1.1 Zinc-air Batteries

Zinc-air batteries (ZABs) are attractive electrochemical energy storage devices due to their high
specific energy, low cost, safe operation, ease of preparation and handling, abundance of raw
materials and environmental compatibility. There are three types of ZABs: 1) primary, 2)
secondary (also called rechargeable) and 3) mechanically rechargeable. Primary ZABs have been
developed and used for many years as hearing-aid batteries; primary ZABs are non-rechargeable.
Rechargeable ZABs are under development to improve the discharge/charge efficiency and

cycling behavior. Companies like Fluidic Energy, Eos Energy Enterprises and Revolt have begun



commercialization of rechargeable ZABs. The third type is recharged by physically replacing the

used Zn and electrolyte. [1,20-22]

2.1.1.1.1.1 Cell Design and Energy Storage Mechanism for Zinc-air Batteries

A ZAB usually contains three main components: a metallic Zn electrode in the form of a plate, a
porous air electrode and an electrolyte. A typical ZAB is schematically shown in Figure 2.3. To
prevent hydrogen evolution, which is a parasitic reaction that may occur, and Zn corrosion,
electrolytes used in ZABs are highly alkaline. One common electrolyte is 6 M KOH + 0.25 M
ZnO. Not all ZABs require a separator; however, a separator may facilitate the transport of

hydroxide ions (OH). [18,23]

Q Discharge
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Zn(OH) =~ = ZnO + H,0 + 20H- (Oxygen Reduction Reaction)

Figure 2.3. Schematic of a typical ZAB cell. [18]

The capacity of a ZAB is entirely determined by the Zn electrode as it utilizes oxygen from
ambient air which is available in any amount needed. A simple Zn plate or foil, which is
commonly used as the Zn electrode, has a limited surface area. Sponges, powder, fibers and
composites can provide higher surface areas; they are alternatives to Zn plates or foils. As the

battery discharges, a layer of ZnO starts to form on the surface of the Zn electrode until it



reaches complete passivation; at this point, the battery is fully discharged. Zn dissolves during
discharge (Zn*") and is redeposited during charge. Equations 2.1-2.3 show the reactions that take

place at the Zn electrode during discharge. E° is the standard potential. [22,24]

Zn — Zn** + 2e” 2.1
Zn +40H™ — Zn(OH);~ E’=-1.25V vs. SHE (2.2)
Zn(0OH)2~ — Zn0 + H,0 + 40H" (2.3)

The air electrode material is not consumed during charge or discharge. The oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) take place at the surface of the air
electrode during discharge and charge, respectively. ORR is presented as Equation 2.4 from left
to right and OER is Equation 2.4 from right to left. The overall discharge reaction in a ZAB is

given by Equation 2.5. [25,26]

Discharge

0, +H,0+ 4e” ——5 40H" E’=0.401 V vs. SHE (2.4)

27n + 20, — 2Zn0 E’=1.65V (2.5)

ORR and OER suffer from slow kinetics, which necessitates the use of effective electrocatalysts.
The electrocatalyst is a major component of the air electrode; it is not consumed during

charge/discharge and only enhances the kinetics of ORR/OER. [12]

Figure 2.4 schematically depicts the polarization curves for the Zn (anodic reaction during

discharge) and air electrode (cathodic reaction during discharge) reactions. The standard

10



potential for the anodic and cathodic reactions are -1.25 V and +0.40 V vs. SHE, respectively.
This results in a total theoretical cell potential of 1.65 V (discharge). However, the sluggish
kinetics of ORR reduces the potential in order to produce sufficient current. ZABs usually
operate with a cell voltage < 1.2 V. Kinetic limitations also affect the charge cycle as OER
requires a large over potential before reaching appreciable current values. The electrocatalyst is
the critical component of the air electrode that reduces the overpotential of the air reactions.
Depending on the current density, a ZAB can have a voltage efficiency of 30-60% without
electrocatalysts and 50-80% with effective electrocatalysts. Voltage efficiency is defined as

(Edischarge Edischarge_l)x 100. [ 1 2,27]
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Figure 2.4. Polarization curve for Zn and air electrodes in ZABs. [18]

The performance of a ZAB is significantly affected by the design and structure of the air
electrode. The air electrode is sometimes referred to as the gas diffusion layer (GDL) as well.
ORR takes place at three phase boundaries amongst air (O>), electrolyte and electrocatalyst. The
air electrode must be highly porous and the electrocatalyst must be well dispersed throughout the
air electrode in order to maximize the three phase boundary area and allow gas diffusion.

Effective electrocatalyst dispersion is often an issue as most electrocatalyst preparation
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techniques like electrodeposition and spray coating can only decorate the surface of the air
electrode. Electrical conductivity is another important factor regarding the design of the air
electrode. Some electrocatalysts like metal oxides are electrically insulating. Limited electrical
conductivity negatively affects the performance of the air electrode and may even cause larger
overpotentials. Another important factor in terms of air electrode design is the stability of the air
electrode material within the wide potential window of discharge and charge reactions and in the
harsh alkaline electrolyte. High surface area carbon is often used in the air electrode and is
susceptible to corrosion under these conditions. Carbon corrosion can be reduced or controlled
by using graphitic carbon, which is more resistant to corrosion compared with amorphous
carbon, or by coating the surface of the carbon with a non-carbonaceous electrocatalyst. The
back side of the air electrode that faces ambient air must be completely hydrophobic to prevent
electrolyte leakage (also called flooding). Polytetrafluoroethylene (PTFE) can be used for this

purpose. [12,28,29]

2.1.1.1.1.2 Materials for the Air Electrode

An effective electrocatalyst for use in ZABs must be sufficiently active towards ORR or OER (or
both), cost-effective, stable, safe and abundant. The effectiveness of the electrocatalyst is
determined based on the voltage efficiency and performance stability of the battery. Many
electrocatalysts do not have stable performance in the harsh alkaline electrolyte and/or the
voltage operation window. Performance stability, mostly defined by the electrocatalyst, limits the
cycle life of ZABs. Voltage efficiency and performance stability are the main challenges for
ZAB development. Rare earth metals and/or their oxides, transition metal oxides (TMOs),
carbon based materials and metal organic frameworks (MOFs) are the main electrocatalyst

categories. [30-32]
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Precious Metals

Precious metals and/or their oxides have traditionally been used as effective electrocatalysts for
ORR and OER with reasonable stabilities. For example, Pt and RuO> have excellent catalytic
activity towards ORR and OER, respectively. However, high cost, scarcity and unstable battery
cycling behavior (mostly for Pt) of noble metals make them unrealistic for widespread
applications. Other effective electrocatalysts with better or comparable electrocatalytic activities

have been developed as alternatives to noble metals. [12,19]

Transition Metal Oxides

Transition metal oxides are promising alternatives to noble metals as ORR/OER electrocatalysts
due to their low cost, abundance, catalytic activity, environmental friendliness and ease of
handling and preparation. In addition, most TMOs are stable in harsh alkaline environments
which makes them attractive for use in ZABs. The main issue regarding the use of TMOs in
ZABs is their poor electrical conductivity. Researchers have been trying to address this issue by
developing TMO based composite electrocatalysts that take advantage of the benefits of
excellent electrical conductivity of carbon based materials or metals. The most common TMOs
used in ZABs are MnOy, CoOx, NiOx, FeOy and transition metal mixed oxides like MnCo0204.

[2,33]

Carbon Based Materials

Carbon is an attractive material in energy storage devices because of its high electrical
conductivity, low-cost, abundance, ease of handling and processing, ability to be operated in
wide temperature and voltage ranges and ability to be shaped as desired (e.g., powders, fibers,
etc.). The main issue with using carbon in the air electrode of ZABs is carbon corrosion when

operated at high voltages (usually charging voltages for OER). If the surface of carbon is covered
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with other electrocatalysts like TMOs, corrosion can be reduced significantly. Also, the catalytic
performance of carbon based materials can be improved by doping the carbon structure with
heteroatoms like S, N, P and B. Doping with heteroatoms alters the electronic structure of C and
introduces defects into the microstructure. The defects can provide active sites for O2 adsorption
which facilitates ORR. Nanostructured carbons like carbon nanotubes (CNT) and graphene are
the most common types of carbons in ZABs. The electrocatalytic performance of carbon depends
on heteroatom doping, porosity and structural defects; these can modify the electronic structure

of carbon and improve ORR/OER performance. [11,12,34,35]

Metal Organic Frameworks

Metal organic frameworks (MOFs), also called porous coordination polymers, are composite
materials consisting of metal clusters and polymer linkers. The development of MOFs started in
early 1990’s; since then many different MOF structures have been reported in the literature.
MOFs are attractive materials as their structures can be easily modified to achieve desirable
properties. For example, in energy storage devices, MOFs are often used as precursors for high
surface area materials. One way of preparing a conductive material with a very high surface area
is to heat (carbonize) MOFs; this eliminates (carburizes) the organic linkers and leaves behind a
porous structure consisting of metal clusters. MOFs have shown superior electrocatalytic
activities for use in ZABs. However, MOF-derived electrocatalysts suffer from poor cycling
stability especially in harsh alkaline environments due to the dissolution, corrosion and

agglomeration of the electrode material. [1,32,36]
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2.1.1.1.1.3 Challenges for Rechargeable Zn-air Batteries
Development of rechargeable ZABs faces many challenges like battery efficiency, cycling
stability, battery leakage, formation of carbonates on the air electrode and degradation of the Zn

and air electrodes during cycling.

The discharge/charge efficiency of a ZAB cell is mostly determined by the structure of the air
electrode and the electrocatalyst. The air reactions taking place at the air electrode, i.e.,
ORR/OER, suffer from poor kinetics and require large overpotentials. An effective
electrocatalyst is needed to improve battery efficiency. The electrocatalyst must be cost-
effective, have high catalytic activities toward ORR/OER, be safe and have a reasonably simple

manufacturing process.[12]

In addition to battery efficiency, the electrocatalyst also plays an important role in determining
the cycling life and behavior of the battery. Many electrocatalysts are not stable in harsh alkaline
environments and may corrode, dissolve, agglomerate or undergo phase transformations. All of
these will negatively affect the battery performance after a few cycles. Therefore, the use of
effective and stable electrocatalysts is crucial in terms of ZAB mass production. In some cases,
the majority of the air electrode material is the electrocatalyst. If so, degradation of the
electrocatalyst changes the structure of the air electrode, negatively affecting battery

performance. [10,37]

Battery leakage is an issue for all battery types that involve aqueous electrolytes. In the case of
ZABs, since the electrolyte is usually highly alkaline with a pH of 14, electrolyte leakage can
cause severe damage of surrounding equipment and cause chemical burns to humans.
Furthermore, cell leakage dramatically deteriorates battery performance. Properly sealing the

battery can prevent this. Also, the development of gel polymer electrolytes has been very
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beneficial to energy storage device technology, including ZABs. Implementing gel polymer

electrolytes can prevent battery leakage. [38]

Structural changes to the Zn electrode during cycling is another significant problem facing
development of rechargeable ZABs. Zn dissolves during discharge and redeposits during charge.
Non-uniform dissolution and deposition of Zn can change the morphology of the Zn electrode.
ZnO that forms during discharge can also be deposited on the surface of the Zn electrode and
create conductivity inconsistencies on the Zn electrode. The formation of dendrites that occur
during electrodeposition of Zn upon charging is another issue. Dendrites can grow large enough
to penetrate the separator and cause short circuiting. The use of additives in the electrolyte,
separator modifications and AC or pulse charging are potential methods to address the dendrite

formation issue. [1]

Atmospheric air contains 0.03 vol% COx. Since ZABs utilize atmospheric air as the reactant,
CO: from the atmosphere can be dissolved in the electrolyte and reduce the electrolyte pH.
Dissolved CO; can react with the KOH in the electrolyte and form potassium carbonate (K>CO3).
The formation of carbonate is detrimental to the ZAB performance as it may clog the surface and

the porosity of the air electrode. [12,21]

2.1.2 Electrochemical Supercapacitors

Electrochemical supercapacitors (ESs) are interesting energy storage devices because of their
high power densities, long life time and wide operating temperatures. [9,39] The power densities
that they provide lie between batteries and traditional dielectric capacitors. Traditional dielectric
capacitors provide significant power densities. [40] ESs can be employed to improve battery
performance in terms of power density and improve dielectric capacitor performance in terms of

energy density. [41] The earliest ES patent was filed in 1957. However, not until the 1990s when
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it was discovered that ESs can be used to boost batteries or fuel cells in hybrid electric vehicles,

did ES technology attract significant investment worldwide. [40]

Figure 2.5 introduces the different components in a typical ES. An ES is composed of two
electrodes (usually with high surface area), one separator (to isolate the electrodes and prevent
short circuits) and an electrically conductive electrolyte. ESs are similar to batteries in terms of

design and manufacturing. [24,40]
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Figure 2.5. Schematic of a typical electrochemical supercapacitor.

There are two main types of ESs, electrochemical double layer supercapacitors (EDLSs or
EDLCs) and Faradaic supercapacitors (FSs or pseudocapacitors). The former operates by
charging and discharging of the interfacial electrical double layer and charge is physically stored
on the surface of the electrodes without any electrochemical reaction. No charge transfer takes
place across the interface and the current generated during this process is essentially a

displacement current produced by the rearrangement of charges. In the latter, the charge —
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discharge mechanism involves Faradaic reactions and there is electrical charge transfer between

phases. [42]

2.1.2.1 Electrochemical Double Layer Supercapacitors

Electrochemical double layer supercapacitors (EDLSs) store charge physically on the surface of
the electrodes without any contribution from electrochemical reactions. [23] An EDLS uses an
electrolyte so there are mobile charge carriers between the electrodes. [15] If a voltage is applied,
these charge carriers will be stored at the surface of the positively and negatively charged
electrodes, inside the Helmholtz layer, producing current. [43] A schematic of charge carrier
species (ions) arrangement on the surface of electrodes in an EDLS is shown in Figure 2.6 (a).
Ions in the electrolyte are surrounded by solvent molecules (hydrated). When a negative voltage
is applied to the electrode, there is a very thin layer of solvent molecules and adsorbed anions at
the surface of electrode, called the inner Helmholtz layer. The region in which the (hydrated)
cations are adsorbed is called the outer Helmholtz layer. The inner and outer Helmholtz layers
together are called the Helmholtz layer. The region where ions are randomly moving and are not
under the force of the negative electrode is called the diffuse layer. lons are strongly adsorbed on
the electrode surface in the Helmholtz layer, whereas in the diffuse layer a homogeneous
distribution of the ions exists. [44] Figure 2.6(b) represents the structure of the electrochemical

double layer as well as the charge carrier species arrangement under an applied voltage.
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Figure 2.6. Schematic of (a) charge carrier species (ions) arrangement on the surface of
electrodes and (b) the structure of the electrochemical double layer and the charge carrier species

arrangement when a voltage is applied.

2.1.1.1.1 Energy Storage Mechanism of EDLSs

The electrochemical processes for an EDLS can be written as the following [45]:

Positive electrode:

_ Charge + _ _
Spositive TA~ —— S§7//A” te (2.6)

Negative electrode:

_ Charge _
Snegative + (o +e” — S //C+ (27)

Overall reaction:

19



_ Charge _ _
Spositive + Snegative + c* +A— S+//A +3S //C+ (28)

Spositive> Snegative> /s A~ and C™ represent the positive electrode surface, the negative electrode

surface, the double layer, anions and cations, respectively. Discharge processes occur in the
opposite direction as written above. [45] According to Equations 2.6-2.8, the charge and
discharge processes take place without any contribution from electrochemical reactions. Instead,
these processes occur through physical adsorption and desorption of solvated ions at the surface

of the electrodes.

The capacitance of a supercapacitor depends on the active sites available for the charge carriers
to be stored. Materials with larger specific surface areas and porosities can store more charge
carriers on their surfaces, which lead to higher capacitances. [46—48] Highly porous materials
that have a pore distribution consisting of micropores (pores less than 2 nm in diameter),
mesopores (pore diameter of 2-50 nm) and macropores (pores larger than 50 nm in diameter)
exhibit excellent electrochemical properties and are, thus, desirable electrode materials in
EDLS:s. [3,16,49,50] The average pore size, as well as the interconnectivity of pores, are both
important factors in a porous electrode material. Ion transport is much faster in a porous medium
with interconnected pores. [50] Also, for a given surface area, a material with an average pore
size less than 1 nm exhibits very high capacitance. [51] Figure 2.7 shows the change in the
specific capacitance (normalized by the electrode mass) as a function average pore size. Regions
I and II correspond to microporous materials with average pore sizes less than 2 nm and region
III represents mesoporous materials with an average pore size larger than 2 nm. In region 11, the
capacitance increases sharply with decreasing average pore size. This is due to distortion of the

double layer in the small pores and a decrease in the thickness of the double layer. In region III,
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an increase in the specific capacitance is due to better accessibility of the pores. [52] Pores
smaller than 0.5 nm affect accessibility of the pores to the electrolyte ions and impact ion
transport, decreasing performance. Fabricating large micropores leads to loss of material. For a
given total pore volume, a material with smaller average pore size has higher surface area which

leads to an increase in the capacitance.

Figure 2.7. Plot of specific capacitance, normalized by the total mass of the electrode material,

vs. average pore diameter.

Equation 2.9 shows that at a given voltage (V in volts (V)) the capacitance (C in farads (F)) of a
capacitor will increase if the amount of charge (Q in coulombs (C)) stored at the surface of the
electrodes increases. The amount of charge stored at the surface of electrodes increases by

increasing the specific surface area of the electrode material. [53,54]

c-2 (2.9)
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The same equation can be used for EDLSs and FSs or any energy storage device. Similar to
EDLSs, FSs and batteries benefit from double layer capacitance and energy in addition to the
energy provided by the Faradaic reactions taking place in the system, but to a smaller extent. In
reality the capacitance of an EDLS does not necessarily change linearly with surface area
(because not all the surface area is accessible to the electrolyte); however, increasing the surface

area of the electrode material will still likely increase the capacitance. [55]

2.1.1.1.2 Materials for EDLS Electrodes

Different chemical and physical methods have been studied to develop nanostructured materials
with high specific surface area for energy storage applications. [56] The most important material
used in energy storage devices is carbon due to its chemical and thermal stability, low cost, high
electrical conductivity, stability in harsh electrolytes, non-toxicity, ability to operate in a wide
range of temperatures and ease of handling. [9,14,57] Carbon materials are also easy to modify
to achieve a desirable active material. [58] Carbon is widely used in making electrodes for
EDLSs, so that EDLSs are often referred to as carbon supercapacitors. Among all the carbon
based materials that have been used as electrode active materials, e.g., graphene [59], carbon
nanotubes [60], carbide — derived carbons and template carbon nanostructures [14], activated
carbon (AC) [14] is the most widely used as a high electrochemically available surface area

material (the surface area that is available to the electrolyte). [58]

AC is usually derived from carbonaceous materials (natural or waste hydrocarbon precursors)
using chemical or physical steps and exhibits large specific surface areas as high as 3000 m? g
[9,55] The specific capacitance of AC electrodes in EDLSs can reach as high as a few hundreds

of F g'!. Additionally, AC is usually in the shape of fibers or powder. [61,62]

2.1.2.2 Faradaic Supercapacitors or Pseudocapacitors
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As explained above, an EDLS stores charge electrostatically, while the charge storage
mechanism of a Faradaic supercapacitor (FS) is mainly based on Faradaic reactions that take
place at the electrolyte/electrode interface. [7,63] Faradaic reactions can be divided into three
categories: redox reactions, ion intercalation into the lattice structure and adsorption/desorption
of ions. [5,40,64] In FSs, the charge is stored through Faradaic reactions which can be time
consuming with slow reaction rates. [3,39] This leads to lower power densities than those of
EDLSs. Also in FSs, there may be structural damage to the electrode and concentration changes
in the electrolyte due to the Faradaic reactions; this can result in poor cycling stability. [64]
However, Faradaic reactions may yield higher specific capacitance and energy values for FSs

compared with EDLSs. [6]

2.1.1.1.1 Redox Reactions

Redox reactions are reversible electrochemical reduction (consume electrons) and oxidation
(produce electrons) reactions. Consumption or production of electrons and the exchange of
protons or cations with the electrolyte, which occurs during redox reactions for many metal
oxides and metal hydroxides, is the basic charge storage mechanism of FSs. [65,66] In these
reactions, the metal changes its oxidation state, giving high capacitance values to FSs. However,
the reactions are typically slow (low power densities) and damaging to the electrodes and the
electrolyte (short cycle life). Each redox reaction takes place at a certain voltage and gives rise to
the current due to consumption or production of electrons. Equation 2.10 is an example of a

redox reaction for manganese oxide, where C* is a cation; reduction is from left to right and

oxidation is from right to left. [65]

MnO, + C* + e~ <> Mn0OOC (2.10)
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Figure 2.8 represents an example of a cyclic voltammetry (CV) test for a carbon fiber/V,0s
pseudocapacitor. CF-V represents the material (carbon fiber-V,0s) and 350, 400 and 450 are the
heat treatment temperatures. The peaks (change in the current at a certain potential); i.e., Ea

(anodic) and Ec (E1, cathodic), are due to the presence of a redox reaction.
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Figure 2.8. Example CV curve of a pseudocapacitor with V2Os as the Faradaic reaction active

material. [39]

2.1.1.1.2 Adsorption/desorption

The adsorption/desorption mechanism involves adsorption or desorption of cations onto the
surface of the electrodes; e.g., adsorption of H" at a Pt or Au surface. This process is called
underpotential deposition (UPD). During UPD, a monolayer of an electrochemically active
species that can be adsorbed or desorbed quickly is formed on the surface, resulting in capacitive
behavior. Due to the absence of diffusion or phase changes, this process is very fast compared
with the other forms of Faradaic reactions and does not damage the electrodes. Similar to the

charge storage mechanism in EDLSs, the amount of charge stored at the surface depends on the

24



effective surface area. [1,67] Figure 2.9 schematically represents the adsorption/desorption

process on the surface of an electrode in a FS which utilizes MnOx as the active material.

Figure 2.9. Schematic of a pseudocapacitor with MnOx as the lattice intercalation Faradaic

reaction active material.

2.1.1.1.3 Lattice Intercalation

Lattice intercalation of ions is a process similar to UPD with the difference that intercalation
occurs in the bulk of the material. [67] As with UPD, intercalation is faster compared with redox
reactions. However, intercalation of ions into the crystal structure of the electrode causes strain

in the lattice that can lead to mechanical degradation during cycling.

2.1.1.1.4 Materials for FS Electrodes

A material that exhibits one or more of the Faradaic charge storage mechanisms can be
employed as the electrode material in a FS. Other factors such as cost, electronic and ionic
conductivity and the morphology of the material are also considerations for material selection.

Transition metal oxides and conductive polymers are materials that are commonly used in FSs.

[40]

Transition Metal Oxides
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In addition to storing charge electrostatically in the double layer, transition metal oxides can
store charge through Faradaic reactions that introduce high energy densities to FSs. However,
due to phase changes and mechanical degradation, these reactions can reduce cycle life. The

oxides of many transition metals have been studied; e.g., Mn, Ru, Fe and Co. [5,40]

Mn and Ru oxides are the two most important materials that have been used in FSs. [40] Mn has
several oxidation states that allow reversible redox transitions between these states to provide
energy storage for Mn oxide pseudocapacitors. [40] The charge storage mechanisms in these
pseudocapacitors include electrical double layer, adsorption/desorption of protons and electrolyte
cations and mostly redox reactions. An example of a Mn oxide redox reaction is given in

Equation 2.11. [68-73]

MnO, + H* + e~ & MnOOH (2.11)

The theoretical capacitance value for MnOx is ~1300 F g'!. Unfortunately, due to its low
electronic conductivity and the slow diffusion rates of protons and cations into the deeper layers
of the oxide, practical capacitance values are around 100-300 F g'!'. [70] Mn oxide is
environmentally friendly, inexpensive and can have a variety of different structures. The
structures that are commonly used in electrodes are nanosheets, [74—76], nanowires [77-79] and

nanorods. [80,81]

Ru has three stable oxidation states; transitions between these states take place quickly and
reversibly. Also, hydrous Ru oxide has good ionic and electronic conductivities. [5,40] Redox

transitions in Ru oxide occur according to Equation 2.12. [82]

Ru0,(OH)y, + 8H + 8e™ < Ru0,_5(0H)y.5 (2.12)
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The capacitance values of Ru FSs can be as high as 720 F g!, although the use of Ru in
electrochemical applications is limited due to its cost. [41,83] Other examples of electrode
materials in electrochemical supercapacitors and their associated capacitance values are

illustrated in Figure 2.10.
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Figure 2.10. Comparison of capacitance values for different electrochemical supercapacitor

electrode materials. [58]

EDLSs and FSs can be studied as two dielectric capacitors in series. One capacitor is at the

positive electrode surface and electrolyte interface and the other is at the negative electrode

surface and electrolyte interface. [84] The actual equivalent electric circuit of a supercapacitor is

more complicated than a model consisting of only two dielectric capacitors. A simplified

equivalent RC circuit illustration of a single cell supercapacitor (a cell consisting of two

electrodes) is shown in Figure 2.11. [85] C, and C. represent the capacitance of the anode and
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cathode, respectively, R; is the solution (electrolyte) resistance and R is the self-discharge

resistance of the electrodes.

Cl CC

| | | |

| | VAVAVAN | |

M R: (ESR) M
R for anode Ry for cathode
denoted as Ry, denoted as R,

Figure 2.11. A single cell supercapacitor RC equivalent circuit. [85]

Conductive polymers

Conductive polymers (CPs) can be used as electrode materials in pseudocapacitors, where the
bulk of the material contributes to the capacitive behavior through fast redox reactions. [86]
Their large potential window and conductive nature give them high power capabilities. On the
other hand, they suffer from poor cyclability due to swelling during charge and contraction
during discharge. [86,87] A few examples of CPs include polyaniline [40,86,88], polypyrole

[40,89,90] and PEDOT (poly(3,4-ethylenedioxythiophene)).

2.2 Synthesis of Carbon Fibers for Use in Energy Storage Devices

2.2.1 Ocxidation or Stabilization

Carbon fibers can be derived from different melt-spun [91-94] carbonaceous precursors such as
asphaltene and pitch. [94,95] After melt spinning the precursor, the fibers are oxidized [96] in an
air flow with oxygen to increase the cross-linking of aromatic molecules by removing hydrogen
atoms (dehydrogenation). The oxidation temperature range is usually 200-400 °C. Figure 2.12
shows the possible reactions that peroxyacytyl nitrate (PAN) fibers may go through during

oxidation. The side hydrocarbon chains connect with each other via dehydrogenation and form
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longer chains. Longer hydrocarbon chains are more stable than the short ones during the next

processing steps. [97]
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Figure 2.12. Oxidative stablization step for PAN fibers. [98]

2.2.2 Carbonization

At the carbonization temperature, different physiochemical changes such as dehydrogenation,
denitrogenation, polymerization and aromatization take place. Carbonization removes inorganic
impurities like nitrogen and hydrogen atoms and increases the amount of cross-linking as well as
carbon content in the microstructure. Carbonization is done to increase the chemical and thermal
stability as well as the conductivity of the fibers. The temperature range in which the
carbonization takes place is 500-1000 °C. Two important reactions that PAN fibers undergo at
the carbonization temperature are shown in Figure 2.13. Dehydrogenation and denitrogenation
create a more stable carbon structure by removing H, and N> from the structure and connecting

the hydrocarbon chains. [97]
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Dehydrogenation Denitrogenation

Figure 2.13. (a) Dehydrogenation and (b) denitrogenation during the carbonization process. [98]

2.2.3 Activation Methods

2.2.3.1 Chemical Activation

Chemical activation is a thermal process in which the precursor is exposed to dehydrating
(activating) agents such as KOH [99-102], NaOH [103,104] and ZnCl,. [105-107] These
activating agents react with fibers at the carbonization temperature, etch carbon atoms and
introduce porosity to the carbon fibers. [108,109] If KOH is used for chemical activation,
Equations 2.13-2.16 describe the reactions that KOH will go through at the carbonization

temperature. [110,111]

H,C + 4KOH - K,CO5; + K,O + 3H, (2.13)
2HC + 8KOH — 2K,CO; + 2K,0 + 5H, (2.14)
2KOH - K,0 + H,0 (2.15)
K,CO; - K,0 + CO, (2.16)

The reactions that the precursor will experience are shown in Equations 2.17-2.19.
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H,0+ C - H, + CO (2.17)

K,0 + C — 2K + CO (2.18)

K,CO; + 2C — 2K + 3CO (2.19)

Surface area, porosity and pore size distribution are controlled by the amount of activating agent,
carbonization time and carbonization temperature. If a large amount of activating agent is used,
the precursor reactions (Equations 2.17-2.19) will be favored; this leads to more etching of
carbon atoms, creating higher porosity and a larger surface area. Carbonization time and
temperature are two factors that control the pore size distribution and surface area. Longer
carbonization times and higher carbonization temperatures will create larger pores that reduce
the surface area. At high temperatures (>900 °C) carbon atoms are highly mobile and their
movements create large mesopores. With longer carbonization times, small micropores start to
grow and merge with each other, forming larger pores and reducing the surface area. The carbon
content, as well as the conductivity, of the final material in the microstructure increase with

increasing carbonization temperature.

2.2.3.2 Physical Activation

During physical activation, a reactant gas such as CO; or steam is used to selectively burn-off
some of the carbon atoms to provide porosity. Reactant gases can be used by themselves, mixed
or carried by an inert gas such as No. The final porosity of the material is determined by the type
of activation gas, the activation temperature and time and flow rate of the gas. Equations 2.20

and 2.21 show two of the possible reactions with carbon. [98]

31



C+ 0, - 2C0O 2.21)

Activated carbon fibers (ACFs) that are prepared by chemical activation have higher porosity
and surface areas, a higher production yield and a better micropore distribution than those
prepared by physical activation. The main advantage of physical activation over chemical

activation is the low overall cost due to its straightforward preparation method. [98,112]

2.3 Characterization Techniques

2.3.1 Materials Techniques
Information such as surface area, porosity, morphology, crystal structure and chemical

composition are obtained through material characterization techniques.

2.3.1.1 Nitrogen Physisorption

N> physisorption is a well-known method for characterizing the structure of porous materials,
where N> gas is adsorbed on the surface of the material. The specific surface area (SSA) and the
pore size distribution are calculated from the amount of the gas adsorbed by the material at 77 K
at various pressures smaller than the N saturation pressure. Once adsorption is finished and the

relative pressure (p/Psaturation) Of N2 1s close to 1, desorption occurs by removing the N> gas.

Physical adsorption of N> takes place at the gas/solid interface by forming a monolayer of
nitrogen molecules on the surface without contribution of chemical bonds. Figure 2.14 shows the
possible adsorption and desorption isotherms for microporous, mesoporous, macroporous and
nonporous materials that are generated by measuring the amount of gas adsorbed at different

pressures. [113]
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Figure 2.14. Different physisorption isotherms: I(a) and I(b) for microporous materials, II and

IIT for non-porous or macroporous materials and IV for mesoporous materials. [113]

A type I isotherm represents microporous materials. At low relative pressures, N2 molecules fill
micropores and because there are no mesopores or macropores to adsorb more nitrogen, the
amount adsorbed does not change with increasing pressure. The difference between type I(a) and
I(b) is that pore size distribution in type I(a) is narrowed to pores smaller than 1 nm, whereas
type I(b) represents a microporous material with a wider pore size distribution that may include

small mesopores (>2.5 nm). [113]

A type Il isotherm shows continuous adsorption of a nitrogen monolayer-multilayer on the
surface that can be attributed to macroporous or nonporous materials. A sharp knee before point
B usually corresponds to a fully formed monolayer. On the other hand, overlapping of

monolayers can lead to a less sharp knee and more gradual curvature. [113]
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A type III isotherm shows adsorption for a macroporous or nonporous material. The interactions
between the solid surface and the nitrogen molecules are so weak that adsorbate molecules are
clustered around the most favorable sites on the solid surface. As opposed to type II materials,

the amount of gas molecules that type III materials can adsorb onto the surface is finite. [113]

Type IV isotherms correspond to mesoporous materials. In mesoporous materials, the adsorption
behavior is explained by both the interaction between adsorbent-adsorbate molecules and the
condensed nitrogen molecules in the pores. The region before the sharp increase in amount
adsorbed is due to the presence of small and narrow mesopores. Once the small mesopores are
filled, larger mesopores start to adsorb the nitrogen molecules on their surface. However, since
the pores are relatively large and wide, the amount of gas molecules adsorbed onto the surface
increases, which in turn increases the pressure inside these pores. This results in capillary
condensation by transforming the adsorbed molecules to liquid, decreasing the volume occupied
as a result. This creates empty space in these pores, which can adsorb more nitrogen, producing
the sharp increase in the amount of gas molecules adsorbed. Figure 2.15 illustrates the capillary
condensation phenomenon. Type IV(a) shows the presence of mesopores larger than 4 nm; with

smaller mesopores, a type [V(b) isotherm is observed. [113]

Adsorbed Filled
d>4nm Monolayer  Micropore

Capillary
Condensation
_————»

Figure 2.15. Schematics of monolayer adsorption in wide mesopores and capillary condensation.
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2.3.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) can be used for a wide variety of organic and inorganic
materials to characterize nanometer to micrometer scale features by providing three-dimensional-
like topographic images at high magnification. To study a sample by SEM, a finely focused
electron beam, which is generated in a vacuum chamber, is scanned across the surface of the
sample. Interactions between the electron beam and the sample atoms emit different signals, such
as secondary electrons, backscattered electrons and characteristic X-rays. Figure 2.16 illustrates
the many different signals obtained from an incident electron beam. In order to image and study
a sample using SEM, the sample must be conductive. Non-conductive samples are coated with a
thin layer of a conductive material such as Au. The intensity of the signal from each point during
scanning determines the brightness of that point. Different contrast effects are obtained by
detecting different signal types. Secondary electrons (SEs), which make up one type of beam, are
quite low energy (typically <5 eV) and can give information on the topography of the sample.
SEs are knocked out of the electron shell of the sample atom when it is impacted by incoming
electrons. Backscattered electrons (BSEs), on the other hand, are the result of interactions
between the incident beam and the nucleus of the sample’s atoms. This beam type can give
information about regions with different atomic numbers in the sample. BSEs have higher
energies than SEs with energies up to the incident beam energy. The intensity of BSEs is higher
when they are emitted from atoms with high atomic numbers (heavy nucleus). In addition,
emitted characteristic X-rays can provide qualitative and quantitative information on the
composition of the sample through a technique known as energy dispersive X-ray (EDX)

spectroscopy. [114]
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Figure 2.16. Different generated signals as a result of interactions of the sample with the incident

electron beam. [115]

The resolution of an SEM image depends on several factors such as the sample material,

accelerating voltage, spot size and beam current. The resolution can vary from 1 to 50 nm. [114]

Performing SEM imaging on carbonaceous materials is slightly different from other materials.
Carbon’s low atomic number results in low contrast images as compared with higher atomic
number elements. Carbonaceous materials react weakly with the electron beam and the chances

for the electron beam to damage the surface are significant at high accelerating voltages. [115]

2.3.1.3 Transmission Electron Microscopy
Transmission electron microscopy (TEM) is a powerful technique used to characterize
microstructures with resolutions reaching the atomic scale. The atomic resolution of a TEM

enables the characterization of materials on size scales that may be achievable with only a few
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other techniques, like scanning probe microscopy techniques. For TEM, a stationary electron
beam impinges onto a certain area of a thin specimen (<200 nm). Electrons can interact with the
sample in a number of ways; they can be reflected, scattered, absorbed or pass through the
sample uninterrupted. Unscattered and scattered electrons that are transmitted through the
specimen can be collected to form an image. The energy of the electrons transmitted through the
sample is much higher (80-300 keV) than the electrons emitted from the sample in the SEM, due
to the energy of the incident electron beam as a result of the acceleration voltage. The
accelerating voltage of a scanning electron microscope is variable, usually in the range 0.5 — 30
kV. Transmitted electrons can provide information about the specimen’s internal microstructure,
enabling imaging of columns of atoms. Furthermore, crystallographic information of materials
can be revealed using electron diffraction in a TEM. Selected area electron diffraction (SAED)
and convergent beam electron diffraction (CBED) are two electron diffraction techniques.
Similar to SEM, compositional information can be obtained using TEM. EDX spectroscopy and
electron energy loss spectroscopy (EELS) are two techniques for characterizing the composition.
Another useful variation of TEM is scanning transmission electron microscopy (STEM). When
operating in STEM mode, the high intensity electron beam is focused to a point on the sample
and scanned across the sample. The electrons that pass through the sample are then collected and
translated into an image intensity for that specific pixel. Bright field (BF) and annular dark field
(ADF) are the two commonly used STEM imaging techniques. The contrast mechanism in BF
STEM is due to mass-thickness and diffraction contrast effects. BF STEM images are formed by
collecting the electrons that pass through the sample (only unscattered electrons and electrons
scattered with very low angles; i.e., <0-10 mrad). On the other hand, the ADF STEM images are

generated by the electrons that are scattered away from the optic axis after being transmitted
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through the sample. The ADF detector is located at larger angles (10-50 mrad). High angle
annular dark field imaging (HAADF) is another type of image that can be acquired using STEM.
HAADF detectors detect electrons scattered with very high angles (>50 mrad). These electrons
are also known as incoherently scattered electrons due to Rutherford scattering from the nucleus
of the atoms. HAADF imaging is very sensitive to variations in the atomic number of atoms in
the sample; hence, the HAADF technique is also known as Z contrast imaging. The contrast in
HAADF STEM images is almost entirely due to the mass-thickness effects. TEM samples must
be electron transparent which means sample thicknesses should be less than 200 nm and even
thinner for atomic resolution. Figure 2.17 compares an SEM and TEM in terms of the source of
the signal. [116]

(a) (b) Sproad
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Figure 2.17. Schematics of a) SEM and b) TEM imaging techniques. [116]

2.3.1.4 X-ray Diffraction
X-ray diffraction (XRD) is a method that can be utilized to identify the crystal structure of

materials. The principle used in XRD is based on Bragg’s law that is shown as Equation 2.22:

nA =2dsin 0 (2.22)

38



where n is an integer, A is the wavelength of the X-rays, d is the crystallographic plane d-spacing
and 0 is the Bragg angle (between the X-ray incident beam and the family of the (hkl) lattice
planes). An incident X-ray beam is impinged on the sample that is tilted through a range of
angles. If the sample has long-range order (crystalline), the X-ray beam will diffract generating a
pattern that is characteristic to the structure of the sample. Interactions between the incident X-
ray beam and the sample produce intense diffracted X-rays by constructive interference when
conditions satisfy Bragg’s Law. Constructive interference occurs when the difference in the
travel path of the incident X-rays, hitting different atomic planes from the same (hkl) family, is
equal to an integer multiple of the X-ray wavelength. The diffraction pattern shows a peak for
each constructive interaction. Each peak corresponds to diffraction from a particular
crystallographic plane. An XRD diffraction pattern plots the intensity of the scattered X-rays vs.

the angle of the detector (26). Non-crystalline (amorphous) samples create a diffraction pattern

with only a few broad peaks, as there is no long range order in the crystal structure. This means
that X-rays are scattered in many directions which leads to the broad peaks in a wide 2theta

range instead of high intensity narrow peaks. [117,118]

2.3.1.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is a surface characterization technique that is used for
characterization of the chemical composition and the oxidation state of the elements present in
the sample. A monochromatic beam of X-rays is used to excite electrons in the sample; some of
these electrons are ejected from the surface while most of them are absorbed by the sample itself
on their way out. The ejected electrons are called photoelectrons. Due to inelastic collisions
within the sample's atomic structure, photoelectrons originating more than 20-50 A below the

surface cannot escape with sufficient energy to be detected. This is the reason for surface
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sensitivity of XPS. The binding energy of the photoelectrons is then calculated as the difference
between the kinetic energy of the ejected electrons and the incident X-ray energy. Differences in
the electronic structure of the elements present in the sample and their oxidation states lead to
different binding energies; this is also called shifting. These shifts can be used to determine

chemical and electronic structure information about the sample. [119,120]

2.3.2 Electrochemical Techniques
Electrochemical techniques are used to evaluate the performance of energy storage devices.
Properties like current, voltage, resistance, capacitance, cycle life and energy/power density are

measured using these techniques.

2.3.2.1 Cyeclic Voltammetry

Cyclic voltammetry (CV) is employed in battery or supercapacitor testing. In CV tests, the
potential applied to the electrode is scanned from an initial voltage, through a voltage window,
up to a switching potential. The potential is scanned with a constant scanning rate and the current

produced is measured; CV graphs are called voltammograms. [121]

In the case of supercapacitors, CV is used to calculate the capacitance and to characterize the
performance and the charge storage mechanism of a supercapacitor. CV is also used to study the

presence of Faradaic reactions in FSs.

In the case of batteries, CV can be used to determine the onset potentials, the charge storage
mechanisms, Faradaic reactions present in the cell and maximum current density for

electrochemical reactions.

In addition, CV is a useful technique that can be used to determine the maximum applicable

voltage to the cell. EDLSs often have a voltammogram with a rectangle shape, while FSs and
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batteries have voltammograms with peaks. Each redox reaction takes place at a certain voltage

and causes an increase in the current. Therefore, each peak in a CV curve represents an

electrochemical reaction. This is demonstrated in Figure 2.18, with two peaks corresponding to

either side of a reversible reaction at voltages of Epc (cathodic reaction) and Ep. (anodic reaction).

Current that is produced between each peak (icapacitive) 1S not a result of redox reactions, but rather

the double layer capacitive behavior of the device. Thus, in a perfect EDLS, there are no peaks in

the CV curves and they appear rectangular. [86]
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Figure 2.18. An example of a CV curve with anodic and cathodic electrochemical reactions and

capacitive current. [121]

The capacitance value of an EDLS can be calculated from a CV curve, using Equations 2.23 and

2.24.[122]
c=2

AV
Q= [E1dt

(2.23)

(2.24)
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where I is the current (in A), Q is the total charge transferred (in coulombs), C is the capacitance

(in F) and AV is the potential window (in V).

2.3.2.2 Galvanostatic Cycling with Potential Limit

Galvanostatic cycling with potential limit (GCPL) is another technique used to evaluate the life
cycle of energy storage devices and to determine battery discharge/charge efficiencies and the
capacitance of an EDLS. For ZABs, usually a negative current (discharge) is applied to the cell
and the cell voltage is measured. The scanned current is then reversed (charge) and the charging
voltage of the battery is measured. For supercapacitors, in GCPL tests, a constant positive
current (known as a charging current) is applied to the working electrode (WE) and the potential
is measured until the upper limit of the potential is achieved (chosen based on the type of the
electrolyte). The same current value is reversed (discharging current) until the lower limit of the
potential is reached. The result of a GCPL test is a potential vs. time curve. A symmetric GCPL
curve represents a good EDLS where losses from charge to discharge are as small as possible.

This behavior can be seen in Figure 2.19. The potential increases linearly during

charge/discharge.
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Figure 2.19. Schematic of a GCPL graph for an ideal EDLS. [86]
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The efficiency of a ZAB is calculated from Equation 2.24.

Efficiency = Ediscnarge o 1) (2.24)

charge

The capacitance of a supercapacitor from a GCPL curve is calculated from the slope of the

charge/discharge curves, using Equation 2.25. [123]

I Idt
= Stope Ed\f (2.25)

where dt is the charge/discharge duration and dV is the change in the potential.

2.3.2.3 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is used to measure the impedance of an energy

storage device by applying a low amplitude alternating voltage, AV, to a steady-state potential,

V. This technique is used to measure the solution resistance and charge transfer resistance
(between the electrode and the electrolyte) and to study the species diffusion behavior in the cell.

This kind of input signal will result in a sinusoidal output current, Al. The impedance is then

given by Equations 2.26-2.28. [124]

A

v
Z(w) = (2.26)
AV(w) = AV, e/t (2.27)
Al(w) = Al el(@t+e) (2.28)
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where w is the pulsation frequency, AV, . is the input signal amplitude, ¢ is the phase angle
between the current and voltage, Al ., is the output signal amplitude, j is the imaginary number

and Z(w) is the electrochemical impedance. [124] Figure 2.20 schematically shows an EIS plot,

also known as Nyquist plot for an ideal EDLS.
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Figure 2.20. Schematic of an EIS graph for an ideal EDLS.

Z(w) has one real and one imaginary component; the imaginary aspect represents the capacitor

behavior of the cell. An imaginary impedance (Zimag) Vs. real impedance (Zreal) plot at different
frequencies has three main regions. The first region (I) is a semicircle with a radius of R, which
is the charge transfer resistance. In this region, frequencies are so high that the double layer does
not have enough time to expand. The first intercept of the semicircle with the real axis shows the
solution resistance Rsand the second intercept is Rs + Ret. The second region (I1) is linear with a

45° angle. This means that at lower frequencies, the double layer is expanding at the same rate at
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which the real part of the solution impedance is evolving. The last part (III) is called the Warburg
region in which the frequencies are so low that only the double layer is expanding and Zreal

remains constant. [125,126]
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Chapter 3: Superior Performance of Electrochemical Double Layer Supercapacitor Made

with Asphaltene Derived Activated Carbon Fibers

A version of this chapter has been published in the journal Energy Technology:

Z. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Superior Performance of
Electrochemical Double Layer Supercapacitor Made with Asphaltene Derived Activated Carbon

Fibers,” Energy Technol., 2020, vol. 2000588, p. 1.

3.1 Introduction

With the ever-increasing demand for energy, the development of inexpensive energy storage
devices is crucial. Electrochemical storage devices include fuel cells, batteries and
electrochemical double layer supercapacitors (EDLS). EDLSs are simple, safe and cost effective
devices that consist of carbon based electrodes. [127,128] Furthermore, EDLSs can deliver high
power densities and have long cycle lifetimes compared with batteries. [49,62,129] As such, they
can be used to provide on demand power in hybrid electric vehicles, boosting fuel cell and
battery performance. [40,63] The energy storage mechanism for EDLSs involves electrostatically
storing electrolyte ions on the surface of the electrodes. [127] Typically, carbon materials are
utilized as the EDLS electrodes because of their high conductivity, which facilitates charge
adsorption/desorption. One key consideration for fabricating inexpensive EDLS electrodes is the

use of an abundant and inexpensive raw material. [4,130—133]

Asphaltene is a high carbon content by-product of the oil sands industry and, as such, is a
potential precursor for activated carbon electrodes in EDLSs. Almost 260,000 m? of bitumen are
produced daily from oil sands operations in Alberta, Canada. [8] Approximately 20 wt% of this

bitumen consists of asphaltene, which is considered to be the most polar fraction and heaviest
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part of oil sands bitumen. Asphaltene is removed during the bitumen extraction process, because
it significantly increases the viscosity of bitumen which is transported via pipelines. [134,135]
Current applications of asphaltene include materials for roadwork, roofing and water proofing.
[136] However, the demand for asphaltene is lower than the amount produced daily. Because of
its low price and high carbon content, asphaltene is a promising precursor for EDLS electrodes.
Chemical treatment of the precursors is necessary to increase the specific surface area (SSA) of
the electrode material as it is generally believed that capacitive behavior improves with
increasing SSA. [53] Although SSA is an important factor, a proportional increase in the
capacitance is not guaranteed by increasing the surface area; pore size distribution also affects
electrochemical performance. [137] Depending on the electrolyte that is used in the cell,
different pore designs may be required to achieve high specific capacitance and specific energy
densities. [ 138] Charge carriers are much smaller in aqueous electrolytes than in organic and
ionic liquid electrolytes. As such, microporous (pore size <2 nm) active materials are preferred
for EDLS cells working with aqueous electrolytes. [14] However, for EDLS cells utilizing
organic or ionic liquid electrolytes, the presence of mesopores (pore size from 2 to 50 nm) can
help the performance by improving charge adsorption/desorption and transport. [139] To achieve
an EDLS cell with high electrochemical performance, an optimized SSA and pore size
distribution should be developed in the electrode active material. [140] Pores must be small
enough to ensure high SSA and large enough to be able to effectively adsorb charge carriers.

[141]

The amount of energy delivered by an EDLS can change significantly by changing the maximum

voltage applied to the cell according to Equation 3.1:
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E = 2CV?2 3.1)

where E is the energy (in J), C is the capacitance of the ELDS (in F) and V is the maximum
potential applied to the cell (in V). The power (P) is then calculated by dividing the energy
delivered by the discharge duration. When using aqueous solutions as the electrolyte, the
maximum potential that can be applied to the cell is lower than the potentials for ionic
electrolytes. The use of non-aqueous solutions as the electrolyte can increase the specific energy
and power delivered by EDLSs by expanding the voltage window (Equation 3.1). In addition to
the wide potential window (up to 4 V), ionic liquids are non-toxic and environmentally

compatible. [142,143]

A recent study by Ni et al. reported on the performance of EDLSs fabricated with purchased
oxygen and nitrogen doped pitch based carbon fibers. High capacitance values (301 F g ata
specific current of 1 A g'!) were reported; however, relatively low specific energy and power

values were obtained. [144]

For this work, asphaltene powder, as a pentane insoluble residue from the extraction of bitumen
in oil sands, was provided by CNOOC Petroleum North America ULC (Nexen) from their Long
Lake Upgrader in Alberta. The asphaltene powder was used to produce carbon fibers that were
carbonized and then fabricated into EDLS electrodes. Some of the fibers were chemically
activated using an alkali hydroxide (KOH) to generate high SSAs as well as narrow pore size
distributions. Symmetric full coin cells were prepared from the electrodes and electrochemically
tested, using both aqueous (KOH) and ionic liquid (EMIMBFj4) electrolytes. The ionic liquid

electrolyte was utilized to increase the energy density of the supercapacitor device. Unlike the
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work by Ni et al. [144], the fibers were synthesized in the laboratory and were not doped with

oxygen or nitrogen.

3.2 Experimental

3.2.1 Preparation and Characterization of Carbon Fibers and Activated Carbon Fibers
As received raw asphaltene powder (RA) was processed into filaments with a diameter of 10 um
via a melt spinning procedure using an AT255 system from Anytester. The powder was melted at
197 °C and forced through a spinneret hole (diameter 0.15 mm) with a N> pressure of 400 kPa.
To stabilize the fiber structure, in order to prevent melting of the material at elevated
temperatures, the fibers were soaked in a 2.7 M HNOj solution for 10 min and heat treated in air
(40 mL min™"). During the first temperature step, the material was heated to 140 °C at a rate of
0.25 °C min’! and kept at this temperature for 161 min. Afterwards, the temperature was raised to
300 °C at a rate of 0.5 °C min™' and held for 120 min. Stabilized fibers (SF) were then heated to
500 °C in a tube furnace, equipped with a quartz tube, under N> flow (80 mL min™) at a rate of

3 °C min! and held there for 1 h to become pre-carbonized. After pre-carbonization, some fibers
were carbonized (CF) at 800 °C for 2 hours at a heating rate of 3 °C min™!. The remaining fibers
were mixed with dry KOH with different mass ratios; i.e., R = (mass of KOH) / (mass of fibers)
from 1 to 3. These fibers were then activated and carbonized with the same heating rate as the
non-activated fibers. CF and activated carbonized fibers with different R values (ACF-R) were
washed with 35 wt% HCl and deionized water multiple times using a vacuum filtration system.

The final samples were dried in a vacuum oven at 100 °C for at least 12 h.

Field emission scanning electron microscopy (ZEISS Sigma 300 VP-FESEM) was used to
measure the diameters of the fibers after melt spinning and to investigate the surface morphology

and composition of the CF and ACF-R samples. Nitrogen physical adsorption/desorption using
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an Autosorb-iQ-XR system was employed to determine the SSA and the pore size distribution.
Samples were outgassed at 200 °C for 10 h prior to the test. The SSAs were calculated using both
quenched solid density functional theory (QSDFT) and Brunauer-Emmett-Teller (BET) methods.
Pore size distributions were calculated from the adsorption branch using the QSDFT method,
assuming slit and cylindrical pores, and the total pore volumes were determined at a relative
pressure of 0.95. CHNS elemental analysis was done, using a Flash 2000 Organic Analyzer, to

evaluate the light element composition of all samples.

3.2.2 Preparation of Electrodes

Electrodes were prepared by mixing 90 wt% of the CF or ACF-R samples, 5 wt% of
polytetrafluoroethylene (PTFE, suspension) and 5 wt% of acetylene black at 80 °C in an agate
mortar to form a homogeneous paste. After drying the paste in a vacuum oven at 100 °C for 12 h,
electrode films were obtained. Disks, 1.92 cm? in area, were sectioned from the films to be used
as the electrodes. The mass of the electrodes was 15-25 mg, while the thickness was 100-150

pum.

3.2.3 Preparation of Supercapacitor Cells

Coin cells were prepared by using two electrodes with the same mass and thickness pressed onto
stainless steel current collectors with a conductive adhesive paint and a separator between them
(Figure 3.1). 100 pL of electrolyte was added to the set-up before sealing; 6 M KOH and 1-ethyl-
3-methylimidazolium tetrafluoroborate (EMIMBF4) were used as the aqueous and ionic liquid

electrolytes, respectively.
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Figure 3.1. Coin cell preparation schematic.

3.2.4 Electrochemical Measurements

Electrochemical tests were conducted to evaluate the capacitive performance, using a VSP
potentiostat (Biologic). The tests included cyclic voltammetry (CV, scan rate from 10 to

100 mV s1), galvanostatic charge/discharge with potential limitation (GCPL, specific currents
from 40 mA g to 4 A g'!) and electrochemical impedance spectroscopy (EIS, frequency from

50 mHz to 500 kHz).

3.2.5 Methods for Determining Capacitance, Energy and Power Density
The capacitance values reported for this work are for discharge of a single electrode and are

calculated from Equation 3.2:

Ce

myg

C. =4 (3.2)

where Cs is the specific capacitance of one electrode (in F g™!), Cyis the total capacitance (in F) of

the device and my is the total mass of the two electrodes (in g). For supercapacitors that behave
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ideally, C; is calculated from the slope of the discharge part of the galvanostatic curves (e.g.,

GCPL curves) and is given by:

_ A
Ce=150 (3.3)

where I is the applied current during discharge (in A), At is the discharge duration and AV is the
voltage difference from the start of discharge (after Ohmic drop during self-discharge) to the

end.

Specific energy is calculated as:

t(Vnin)
3.6 mg

Ijt{V“laX]v[t) dt

Eq (3.4)

where E; is the specific energy of one electrode (in Wh kg!). [123]

3.3 Results and Discussion

3.3.1 Activation and Microstructure of Carbon/Activated Carbon Fibers

Nitrogen physisorption experiments for CF and SF generate isotherms typical of non-porous
materials with fairly low SSAs according to the [IUPAC classification (Figure 3.2). The volume
of gas adsorbed on SF and CF is quite small during N> adsorption and there is no increase in the
volume adsorbed at low relative pressures, which indicates the absence of micropores. More
details about the pore structure are shown in Table 3.1. The CFs have a relatively small SSA and

pore volume. No electrochemical tests were conducted on SF due to its low porosity.
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Figure 3.2. Nitrogen adsorption/desorption isotherms at 77 K for CF and SF.

Table 3.1. SSA and pore structure of ACF-R and CF

Sample DFT SSA BET SSA Total pore volume  Micropore volume  Mesopore volume

(m* g) (m* g) (em® g) (cm® g™ (cm® g™
CF 23 43 0.04 0.00 0.04
ACF-1 1715 1091 0.62 0.48 0.09
ACF-2 2290 1640 0.92 0.70 0.15
ACF-3 2689 2290 1.27 0.88 0.29

Mesopore volume calculated as Viowal = Vmicropore-

According to the [IUPAC classification, because of the large increase in the amount of N>
adsorbed at very low pressures (p/po < 0.05) and the quite flat plateau at higher pressures (p/po >
0.1), ACF-R can be defined as a microporous material (Figure 3.3(a)). The increase in the
volume adsorbed at low pressures from ACF-1 to ACF-2 to ACF-3 indicates an increase in
micropore volume (Vmicropore); 1.€., Vimicopore (ACF-3) > Viicopore (ACF-2) > Viicopore (ACF-1).
ACF-3 likely contains some very narrow mesopores as well, as indicated by the knee at a relative
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pressure p/po = 0.1. The correlation between R and total pore volume and BET SSA for ACF-R

(Figure 3.3(b) and 3.3(c)) shows an increase in both total pore volume and BET SSA with

increasing R. R = 0 represents CF (non-activated carbonized fiber).
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Figure 3.3. (a) Nitrogen adsorption/desorption isotherms at 77 K for ACF-R, (b) BET SSA as a

It is apparent from Figure 3.4(a) that the majority of pores in ACF-1 fall into the micropore

function of R (c) and total pore volume change as a function of R.

region (pore width between 0.8 nm and 1 nm). In ACF-2, however, the total volume of

micropores (pore width between 0.8 nm and 1.1 nm) increases but there is a small amount of

narrow mesopores (pore width ~ 2.2 nm). In ACF-3, the micropore volume increases

significantly. The total volume of mesopores with the same size as those in ACF-2 increases as
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well, meaning that the micropores grow in size and merge to create mesopores while new

micropores are being created. Figure 3.4(b) represents the cumulative pore volume for ACF-R.
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Figure 3.4. Nitrogen adsorption results for ACF-R. QSDFT based (a) pore size distribution and

(b) cumulative pore volume.

The BET surface area of ACF-R increases from 1091 m? g! for ACF-1 to 1640 m? g for ACF-2
to 2290 m? g! for ACF-3 (Table 3.1). As with the SSA, the total pore volume and micropore
volume increase with increasing R value. The Vimicropore/ Viotal Tatio decreases as R increases
(from ACF-1 (0.77) to ACF-3 (0.69) — Figure 3.5(a)), whereas the Vmesopore/ Viotal ratio increases
as R increases (from ACF-1 (0.23) to ACF-3 (0.31) — Figure 3.5(b)). Considering the fact ACF-3
has the highest Vmicropore (0.88 cm® g1), it is expected that the presence of more mesopores in

ACF-3 should enhance the capacitive performance by improving ion transport in the electrodes.
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Figure 3.5. Micropore and mesopore evolution for different R values.

The activating agent (KOH) etches the fibers, introducing structural damage (Figure 3.6) and
changes the surface morphology of the fibers. The changes in fiber shape, length and surface
morphology are more pronounced with increasing KOH content (R value); e.g., ACF-3 fibers are
much shorter and distorted with a rough surface relative to CF. SEM images at low and high
magnification and energy dispersive x-ray (EDX) maps of the fabricated electrode with ACF-3
(Figure 3.6) show that the fibers have generally retained their shape even after electrode
preparation. Also, the O map represents O in the fibers (Table 3.2); all metallic residue and
activation agent were removed by washing the fibers with water and HCI1. Very small carbon
particles in Figure 3.6 are likely acetylene black particles and the presence of F is attributed to

PTFE used as the electrode binder.
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Table 3.2. CHNS elemental analysis for CF and ACF-R samples (wt%)

Sample Carbon Hydrogen Nitrogen Sulfur Oxygen Total

CF 88.00 0.57 1.50 5.80 2.13 98.00
ACF-1 93.00 0.20 0.20 0.10 3.00 97.00
ACF-2 92.00 0.36 0.10 0.20 3.00 96.00
ACF-3 94.00 0.30 0.07 0.00 2.50 97.00

Figure 3.6. SEM secondary electron (SE) images of ACF-R samples. (a) and (b): ACF-1; (c) and

(d): ACF-2; (e) and (f): ACF-3.
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Figure 3.7. SEM SE images and EDX maps of fabricated electrode using ACF-3.

3.3.2 Capacitive Performance of CF and ACF-R in Aqueous Electrolyte

Four EDLS symmetric cells (CF, ACF-1, ACF-2 and ACF-3) were prepared. Two electrodes
with the same mass and thickness from the same batch of fibers were used in 100 pl of 6 M
KOH as the aqueous electrolyte due to its small ions size and high conductivity. [145] The

electrochemical performance of each cell was evaluated by CV, GCPL and EIS measurements.

All CV curves for the ACF-R samples (Figure 3.8(a)) have rectangular shapes at a scan rate of
10 mV s!, which is characteristic of an ideal double layer capacitor. ACF-3 has the most
rectangular CV shape with an almost immediate formation of the plateau after voltage inversion
from positive to negative values. Figure 3.8(b) shows CV curves for ACF-3 at different scan
rates; these curves are also rectangular. The CV curve for the CF sample is not rectangular and

redox peaks are present (Figure 3.8 (a)). The redox peaks for the carbonized precursor may be
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related to the presence of sulfur and nitrogen in the precursor. This hypothesis is strengthened by
comparing the amounts of sulfur and nitrogen in CF and ACF-R samples (Table 3.2), which are

significantly reduced after activation.
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Figure 3.8. (a) CV curves for ACF-R and CF at a scan rate of 10 mV s and (b) CV curves for

ACF-3 at scan rates from 10 mV s! to 100 mV s™..

GCPL tests at different specific currents were conducted to obtain the capacitance of ACF-1,
ACF-2 and ACF-3 in aqueous electrolyte cells (Figure 3.9(a) and 3.10). The symmetric shape of
the GCPL curves and the almost linear voltage-time dependence of the discharge curves for the
activated samples represents nearly ideal capacitive behavior, whereas the carbonized precursor
(CF) has poor EDLS performance. Figure 3.9(b) shows GCPL tests for ACF-3 at different
specific currents from 40 mA g to 4 A g'!. Although the Ohmic drop increases with increasing

specific current, both the charge and discharge portions of the curves remain almost linear.
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Figure 3.9. (a) GCPL tests for ACF-R and CF at a specific current of 0.4 mA g™ and (b) GCPL

tests for ACF-3 at different specific currents from 40 mA g to 4 A g,

ACF-1 with an SSA of 1091 m? g'! has a capacitance of 276 F g'! at 40 mA g! which drops to
114 F gl at4 A g (-59%) (Figure 3.10). The capacitance for ACF-2 increases relative to ACF-1
to 315 F gl at 40 mA g! and decreases to 164 at 4 A g'! (-48%). ACF-3 performs the best at
higher specific currents with a capacitance of 311 Fg' at40 mA g'and 222 Fglat4 A gl (a
29% drop). The good performance of ACF-3 may be related to its high SSA which is due to the
high micropore volume. Furthermore, the bimodal distribution of pores (both micropores and
narrow mesopores) in ACF-3 may facilitate ion transport leading to higher capacitance values at

higher specific currents (Figure 3.4 and Figure 3.10).
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Figure 3.10. Specific capacitances at different specific currents for ACF-R samples.

The cycle life of the ACF-R samples was evaluated by GCPL charge/discharge at a specific
current of 1 A g'! for 10,000 cycles and the results are presented in Figure 3.11. Because of the
poor capacitive performance of the CFs, extended cycle testing was not performed on this
material. The capacitance decays after 10,000 cycles for ACF-1, ACF-2 and ACF-3 are 14%,

10% and 9%, respectively, which indicates the good performance of the ACF-3.
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Figure 3.11. Cycling tests for ACF-R samples.
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EIS tests for all four samples were performed at a frequency range from 500 kHz to 50 mHz with
an alternating potential amplitude of 5 mV (Figure 3.12). ACF-3 behaves as an ideal EDLS with
a semicircle at medium frequencies, a linear line with a 45° slope with respect to the real axis at
low frequencies and an almost vertical curve at very low frequencies (Warburg region). The
diameter of the semicircle provides the charge transfer resistance, R, at the electrode/electrolyte
interface. The first intercept of the curve with the real axis represents the solution resistance, Rs.

The imaginary and real parts of the impedance represent the capacitor and electrolyte solution

components of the circuit, respectively. [126]
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Figure 3.12. EIS tests for ACF-R and CF samples.

For an ideal electrochemical supercapacitor, in the low frequency region of the graph, the double
layer extends into the electrolyte and corresponds to where the capacitor part of the circuit
dominates. This is the Warburg region represented by an almost vertical line in the graph. The
CF sample does not enter the Warburg region (inset of Figure 3.12) and has a much higher R
than the ACF-R samples. This could be related to the low C content and the high amount of S, O
and N according to the CHNS results. ACF-3 shows nearly ideal supercapacitor performance by

entering the Warburg region before ACF-1 and ACF-2 in the medium frequency region. ACF-2
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has the same Rt as ACF-3 and enters the pure capacitance region later than ACF-3. ACF-1 has a
higher R than either ACF-3 or ACF-2 and does not enter the Warburg region until very low
frequencies are reached. All four samples have the same R, which is expected, and confirms the
test reliability since the same aqueous solution was used as the electrolyte for all samples.

[125,126]

In order to determine whether the KOH/carbon fiber mass ratio (R) had been optimized, the
amount of KOH was increased to prepare ACF-4 with an R value of 4. The pore structure of this
batch of fibers is given in the supporting information (Table SI3.1 and Figures SI3.1, SI3.2 and
SI3.3). Although the highest BET SSA was achieved (2960 m? g!), the micropore volume
decreased from 0.88 cm?® g'! for ACF-3 to 0.73 cm?® g™! for ACF-4 and the mesopore volume
increased from 0.29 cm® g'! for ACF-3 to 1.2 cm® g'! for ACF-4. The capacitance behavior of
ACF-4 was then evaluated using GCPL tests at different specific currents (Figure S13.4). The
maximum capacitance for ACF-4 was lower than the corresponding values for ACF-2 and ACF-
3, coupled with a significant drop in the capacitance values at higher currents. This behavior may
be related to the lower micropore volume for ACF-4. Because the best capacitance and rate
behavior were achieved with ACF-3, further electrochemical tests were conducted only on ACF-

3.

Compared with the work by Ni et al., EDLS cells prepared in this work, using bitumen-derived
asphaltene, behave more like ideal supercapacitors, as shown by the rectangular CV curves and
symmetric charge/discharge galvanostatic curves. The specific capacitance values, cycle life and
resistance values for the cells in aqueous KOH are comparable to the values reported by Ni et al.

[144]

3.3.3 Capacitive Performance of ACF-3 in Ionic Liquid Electrolyte
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Two electrodes were fabricated from ACF-3; ACF-3 was chosen because of its superior
performance in aqueous electrolyte as well as its suitable pore structure that contains some
narrow mesopores (more than ACF-1 and ACF-2) for storing larger ions. A symmetric EDLS
cell with 100 ul EMIMBF; (ionic diameter of the ions in EMIMBF: 0.8 nm for EMIm" and 0.38
nm for BF4") as the electrolyte was prepared using the same method described previously; this
EDLS cell is denoted as ACF-3-ionic. [51] CV, GCPL and EIS tests were carried out to evaluate
the capacitive behavior of the cell. Figure 3.13(a) shows CV curves at scan rates of 5 mV s to
100 mV s!. Similar to ACF-3 performance in the aqueous electrolyte, the CV curves look fairly
rectangular at slow and medium scan rates and start to deviate from the rectangular shape at high
scan rates. ACF-3-ionic has almost ideal supercapacitor performance with linear galvanostatic
charge/discharge curves and small Ohmic drop (Figure 3.13(b)); however, the Ohmic drop
increases with increasing specific current. GCPL tests at different specific currents were used to
calculate the capacitance values as explained previously; the capacitance values at specific
currents from 40 mA g to 4 A g! are shown in Figure 3.13(c). The capacitance value decreases
from 205 F g' at 40 mA g'to 116 F g at4 A g! (-43%), which is a smaller drop than for ACF-
1 (-59%) and ACF-2 (-48%) in aqueous electrolytes but a larger drop than for ACF-3 (-29%) in
the aqueous electrolyte. This result is expected due to the higher viscosity and larger charge
carrier sizes for EMIMBF4 compared with 6 M KOH. EIS tests for ACF-3-ionic are shown in
Figure 3.13(d). The cell does not enter the Warburg region even at frequencies as low as 10

mHz, which may be attributed to the high viscosity of the electrolyte.

Because of the wide potential window, only limited cycle testing of ACF-3 in the ionic liquid
electrolyte was done (48 cycles, Figure SI3.5). The capacitance dropped from 161 F gl in the

first cycle to 120 F gl (25% decrease) after 48 cycles. The drop may be associated with the
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degradation of the electrodes in the ionic liquid. Most of the pores in ACF-3 are micropores
(Table 3.1), so once they are even slightly plugged, there is less surface area available to the
larger EMIMBF4 electrolyte ions. The ions cannot be stored in the micropores anymore and the
only available pores are micropores, leading to reduced capacitance during cycling.
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Figure 3.13. Electrochemical tests for ACF-3-ionic: (a) CV curves at different scan rates, (b)
GCPL tests at different specific currents, (c¢) specific capacitance as a function of specific current

and (d) EIS test.

3.3.4 Energy and Power Comparison

To compare the specific energy (Es in Wh kg™') and specific power (Ps in W kg!) delivered
during discharge, a Ragone plot for all ACF-R samples in aqueous and ionic liquid electrolytes is
presented in Figure 3.14(a). ACF-3-ionic has the highest specific energy and power due to its

wider potential window compared with the aqueous electrolyte. Specific power for ACF-3-ionic
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increases by almost two orders of magnitude (from 27 W kg™ to 2.76 kW kg!), while Es
decreases to about one third of the highest value (from 58.2 to 17.6 Wh kg™!), when the specific

current is increased from 40 mA g™ to 4 A g! (Figure 3.14(b) and Table 3.3).
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Figure 3.14. (a) Ragone plot for all EDLS cells studied. (b) Es and P for ACF-3-ionic at different

specific currents.
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Table 3.3. Specific energy (Es) and specific power (Ps) for all EDLSs at different specific

currents
E; (Wh kg™ P, (W kg?)
Sample 40mAg! 100mAg 500mAg 1Ag [40mAg! 100mAg 500mAg 1Ag
1 1 I I 1 1
ACF-1 7.1 6.4 4.7 35 7.9 19.7 91.9 161.0
ACF-2 8.0 7.2 5.7 4.5 8.1 19.9 95.7 148.7
ACF-3 8.3 7.7 6.4 5.4 8.3 20.5 97.6 180.6
ACF-3-ionic 58.2 56.6 454 35.7 27.0 68.2 322.3 525.4

The ACF-3-ionic cell has maximum specific energies exceeding those for typical

supercapacitors. The performance also overlaps with batteries for some current densities. [17]

Specific energy and power values for the capacitors in this work are comparable with other

values for carbon nanomaterials, as shown in Table 3.4. E; and Ps values for EDLS cells in ionic

liquid and organic electrolytes reported by Zhang et al. and Miao et al. are similar to the values

obtained in this work using the ionic liquid electrolyte. [146,147] The work by Li et al. on

biomass-derived carbon yields relatively low specific cell capacitance values; however, a

maximum specific power of 468.8 W kg™! at a specific energy of 61.2 Wh kg! was achieved in

an organic electrolyte. [148] Using an aqueous electrolyte, Banda et al. and Ni et al. achieved Es

values much lower than those attainable in non-aqueous electrolytes. [144,149]
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Table 3.4. Specific energy (Es) and specific power (Ps) for EDLS cells made with carbonaceous

materials
Material Electrolyte E; (Wh kg™) P, (W kg?)
Porous carbon [146] Organic (TEAB4) 38.0 574.0
Reduced graphene Aqueous (KOH) 7.0 500.0
hydrogel [149]
Poly (ionic liquid)- Organic (TEAB4) 45.0 276.0
derived [147]
Poly (ionic liquid)- Ionic liquid (LiTFSI) 31.8 219.0
derived [147]
Biomass-derived carbon  Ionic liquid (EMIMBF,) 61.2 468.8
[148]
Asphaltene based carbon Aqueous (KOH) 8.0 248.0
fiber [144]
This work (at 1 A g')  Tonic liquid (EMIMBF4) 35.7 525.4

3.4 Conclusions

Carbon fibers for supercapacitor electrodes were prepared from asphaltene, a by-product of

bitumen extraction from the oil sands, by melt spinning. Melt-spun asphaltene fibers were

stabilized, using a two-step stabilization method, pre-carbonized at 500 °C for 1 h and carbonized

and activated at 800 °C for 2 h. Dry KOH was used to activate the fibers. Three different

activation ratios (R= KOH mass/fiber mass) were used, R = 1, 2 and 3, leading to three different

final activated fibers (ACF-1, ACF-2 and ACF-3). The capacitive performance of electrodes

made with the activated fibers was evaluated in 6 M KOH as the aqueous electrolyte. ACF-1,
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ACF-2 and ACF-3 with BET specific surface areas (SSAs) of 1092 m? g}, 1640 m? g”! and 2290
m? gl respectively, reached capacitance values of 276 F g!, 315 F gl and 311 F g’!,
respectively, at a specific current of 40 mA g™ in galvanostatic charge/discharge tests. The
sample with the best performance in the aqueous electrolyte, ACF-3, was then tested in
EMIMBEFj4 (ionic liquid electrolyte) and reached a capacitance value of 205 F g'! at 40 mA g!.
ACF-3, in the ionic liquid electrolyte, was able to deliver specific power and energy values as

high as 525 W kg™ and 35.7 Wh kg™, respectively, at a specific current of 1 A g

3.5 Supporting Information

Table SI3.1. SSA and pore structure of ACF-4

Sample  DFT SSA BET SSA  Total pore volume Micropore volume Mesopore volume

(m* g™ (m” g™ (em® g) (em® ') (em® )

ACF-4 3790 2960 1.93 0.73 1.2

* Mesopore volume calculated as Viotal = Vimicropore
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Figure SI3.1. Nitrogen adsorption/desorption isotherms at 77 K for ACF-4.
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Chapter 4: Improved Capacitive Behavior of Birnessite Type Mn Oxide Coated on

Activated Carbon Fibers

A version of this chapter has been published in the Journal of the Electrochemical Society:

Z. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Improved Capacitive Behavior of
Birnessite Type Mn Oxide Coated on Activated Carbon Fibers”, J. Electrochem. Soc., 2022, vol.

169, p. 010507.

4.1 Introduction

Electrochemical energy storage devices, such as rechargeable batteries and electrochemical
capacitors, have received increasing attention due to their promising performance that can meet
current power demands as well as the depletion in supply of fossil fuels. Electrochemical
capacitors, that are capable of delivering higher power densities than batteries with reasonably
high energy densities, have been shown to be useful for present day energy applications.
[63,150,151] Electrochemical capacitors can store energy through either capacitive or
pseudocapacitive mechanisms. The first type is also referred to as electrochemical double layer
capacitors (EDLCs). EDLCs store energy through physical adsorption/desorption of ions at the
electrode surface, while pseudocapacitive electrodes store charge via Faradaic reactions at the

surface of the electrodes. [150,152,153]

Metal oxides, including manganese oxide, have been widely studied as inexpensive materials for
pseudocapacitor devices. [23] Amongst all manganese oxide phases, birnessite type MnO» with a
layered birnessite crystal structure shows promise as a material for pseudocapacitors due to its
high theoretical specific capacitance (up to 1370 F g'') that is calculated based on the theoretical

charge transfer energy of Mn*" in birnessite to Mn>" and Mn?". [154-156] However, this

72



theoretical value is affected by ionic and electronic conductivities, which decrease the practical

specific capacitance of birnessite type MnO2 to 100-300 F g! in most cases. [157-168]

Asphaltene is a solubility class, which is found in petroleum. It is separated from heavy
petroleum by a solvent de-asphalting process. In bitumen production, asphaltene is removed
prior to bitumen transport through pipelines to improve bitumen flow. As such, asphaltene has no
further value for bitumen processing. Daily production by volume of bitumen in Alberta, Canada
is around 260,000 m?; ~20 wt% of this amount is asphaltene. [8,134,135] Because of its
abundance, high carbon content and mainly polyaromatic nature, asphaltene represents a
promising precursor for carbon fibers which can be utilized in EDLCs as well as

pseudocapacitors. [2,9,169-175]

In this study, efforts are made to increase the specific capacitance of potassium birnessite type
MnO; (referred to as birnessite type MnO> or 6-MnO: in this work) closer to its theoretical value
by taking advantage of the high carbon content and conductivity of asphaltene based activated
carbon fibers (ACF). Other Mn oxide/carbon composite electrodes have been studied in the
literature; e.g., MnO>/PANI by Zhu et al. [169] and MnO»/carbon nanotubes (CNT) by Zhou et
al. [174]. The effect of annealing in N2 on the pseudocapacitive performance of 6-MnQO, as well
as the charge storage mechanism of this material, are also investigated. Carbon fibers activated
using a chemical agent (KOH pellets), with a mass ratio of KOH/ACF = 3, were chosen based on
previous work due to their high conductivity, high BET specific surface area (2290 m? g'!') and

total pore volume of 1.27 cm? g™! and good capacitive performance. [9]

4.2 Experimental

4.2.1 Synthesis of Carbon Fibers
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Asphaltene powder from bitumen production was processed into filaments, with a diameter of 10
um, via a melt spinning procedure using an AT255 system from Anytester. Asphaltene was
softened at 197 °C inside a box furnace. The soft asphaltene was pressed through a spinneret
hole (diameter 0.15 mm) with a N pressure of 400 kPa. The fibres were cooled under ambient
conditions. In order to prevent melting of the fibrous material at elevated temperatures, the fibres
were soaked in 2.7 M HNOs solution for 10 min and heat treated in air (air flow of 400 mL min
1. A two-step temperature program was used. First of all, the material was heated to 140 °C at a
rate of 0.5 °C min™! and kept at this temperature for 161 min. Secondly, the temperature was
raised to 300 °C with a heating rate of 0.5 °C min™' and held for 120 min to achieve stabilized
fibres (SF). The SF were then heated to 500 °C in a tube furnace, equipped with a quartz tube,
under N3 flow (80 mL min'), at a rate of 3 °C min™' and held for 1 h to become pre-carbonized.
Pre-carbonized fibers were mixed with dry KOH pellets with a KOH/fiber mass ratio of 3 and
then carbonized and chemically activated at 800 °C for 2 h under the same N> flow and heating
rate as for pre-carbonization. A final step of washing the fibers with a dilute HCI solution was

employed to achieve the final activated carbon fibers.

4.2.2 Synthesis of 5-MnO2 Powder and 6-MnO: Coated Activated Carbon Fibers
0-MnO; powder was prepared by gradually adding and stirring a 2/3 molar ratio of
KMnO4/MnSO4(H20) in a mixture of 25 mL of deionized water and 100 mg of NaOH at 80 °C
for 35 min. Three different batches of as prepared 6-MnO; powder (referred to as as-3-MnQO3)
were annealed at 300 °C, 400 °C and 500 °C in a tube furnace under N; flow (80 mL min™!) with
a heating rate of 5 °C min™!' and held for 3 h. These samples are denoted as 300-5-MnQO,, 400-3-
MnO; and 500-8-MnOa, respectively. -MnO- was coated on ACF by adding 80 mg of ACF to

the stirring solution (referred to as ACF-as-6-MnO2). ACF-as-3-MnO> was then annealed at 400
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°C (ACF-400-0-MnQOy) in the same N> flow with the same heating rate as explained above and
held there for 3 h. 400 °C was chosen for annealing ACF-as-6-MnO; because annealing the 6-
MnO, powder at 400 °C significantly improves the capacitive performance (discussed in the first

paragraph of the Capacitive Performance section).

4.2.3 Preparation of the Electrodes

A mixture of 90 wt% active material (ACF, Mn oxide powder or 6-MnO- coated ACF), 5 wt%
carbon black and 5 wt% polytetrafluoroethylene (PTFE, suspension) was prepared by mixing the
components at 70 °C using an agate mortar and pestle to form homogeneous electrode films. The
electrode films were then pasted onto a carbon paper (Fuel Cell Store: Toray Paper 060-TGP-H-
060) as the structural support. Initial electrochemical testing was done with the Mn oxide
powders (as-0-MnO2, 300-6-MnO2, 400-6-MnO- and 500-6-MnO>) to determine the optimum
annealing condition and the effects of annealing. After finding the optimum annealing
temperature (400 °C), more electrochemical and characterization tests were conducted on ACF-
400-3-MnOs. The mass loadings for each electrode prepared with Mn oxide powder and 6-MnO>
coated ACF were ~7 mg cm™ and 4 mg cm™, respectively. Mass loading includes the mass of

active material (Mn oxide powder or 3-MnO> coated ACF), PTFE and carbon black.

4.2.4 Preparation of Pseudocapacitor Cells
For half-cell tests, 1 cm? pieces of prepared electrodes were used as the working electrode. A Pt
wire counter electrode and Hg/HgO reference electrode were used in 100 ml of 1 M Li2SO4 as

the electrolyte.

Coin cells were employed for full-cell electrochemical testing of the prepared electrodes. The
electrodes were cut into 1.92 cm? disks; each disk had a thickness of 150-200 pm. Two electrode

disks with equal mass and thickness were pressed onto stainless steel current collectors, using a
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conductive adhesive paint (a mixture of carbon black, PTFE and reagent alcohol) and were

sealed with a separator that was soaked in 100 pL. of 1 M Li2SOas.

A half-cell configuration was used to determine the proper voltage window as well as the
presence of any redox reactions. A full-cell configuration was used to investigate the capacitive

behavior and charge storage mechanism.

4.2.5 Materials Characterization

The crystal structures of 6-MnO; and annealed 6-MnO; were determined by X-ray diffraction
(XRD), using a Rigaku Ultima IV with Cu K, radiation with a scanning speed of 3 deg min™' and
a step size of 0.05 deg (zero background sample holders were used). The specific surface area
(SSA) and pore size distribution of ACF were obtained through N> physical
adsorption/desorption at 77 K using an Autosorb-iQ-XR system. Samples were outgassed at 100
°C for 4 h prior to the measurements. Quenched solid density functional theory (QSDFT) and
Brunauer-Emmett-Teller (BET) methods were used to calculate the SSA. Pore size distribution
was calculated from the adsorption curve using the QSDFT method, assuming slit and cylindrical
pores, and the total pore volume was determined at a relative pressure of 0.95. Microstructure
and composition of the samples were studied by field emission scanning electron microscopy
(ZEISS Sigma 300 VP-FESEM), using both secondary electron (SE) images and energy
dispersive X-ray (EDX) analysis. X-ray photoelectron spectroscopy (XPS) (PHI VersaProbe 111
scanning XPS Microprobe), with a monochromatic Al X-ray source operated at 210 W and a
pass energy of 20 eV, was employed to determine the oxidation state of Mn oxide samples.
Background subtraction was done using a Shirley-type background. Transmission electron
microscopy (TEM), selected area electron diffraction (SAED) and EDX analysis, using a

JEOL JEM-ARM?200F microscope operating at an accelerating voltage of 200 kV, were done for
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further microstructural and crystal structure analysis at a finer scale. CHNS elemental analysis,

using a Flash 2000 Organic Analyzer, was utilized to evaluate the light element composition of

ACF.

4.2.6 Electrochemical Measurements

A Biologic VSP potentiostat was used to investigate the capacitance performance of prepared

coin cells. Cyclic voltammetry (CV with scan rates from 1 mV s’ to 500 mV s™'), galvanostatic

charge/discharge with potential limitation (GCPL, specific currents from 40 mA g to 4 A g!)
and electrochemical impedance spectroscopy (EIS, frequency range from 50 mHz to 500 kHz)

were utilized. To ensure that the results were repeatable, electrochemical tests for each sample

were conducted at least three times.

4.2.7 Calculations

The capacitance from the discharge behavior of a single electrode (full-cell) at a constant current

was determined from Equation 4.1. [123]

At
AV my¢

Ce = 41 4.1)
I is the current (A), Cs is the specific capacitance of the single electrode (F g™!), At is the
discharge duration (s), AV is the discharge voltage window (V) and m is the mass of active

material in both electrodes (g).

Specific energy and power values were calculated from Equation 4.2 and Equation 4.3,

respectively: [176]

t(Vz)
V(t) dt
E, = t(vy)

3.6 my (42)
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t(Vz)
Vi(t)dt
P. = t(vy)

3.6 my At

(4.3)

Es and P are the specific energy (Wh kg!) and specific power (W kg™!) of both electrodes used

in the coin cell, respectively, and V»-Vi=AV.

4.3 Results and Discussion

4.3.1 Characterization of Activated Carbon Fibers (ACF)

The nitrogen adsorption isotherm for ACF is shown in Figure 4.1(a) and the interpretation is
based on the [IUPAC classification for microporous materials. [113] For low relative pressures

(P Po! <0.05, P = the equilibrium pressure and Py = the saturation vapor pressure of nitrogen at
77 K) there is a sharp increase in adsorbed volume with increasing pressure, followed by an
almost flat plateau at higher relative pressures (P Po! > 0.1). [113] The majority of the pores
(0.88 cm® g'! or 69.3 % of the total pore volume of 1.27 cm® g'!) are micropores with 0.29 cm? g
! of narrow mesopores with a pore width just above 2 nm (Figure 4.1(b)). The BET SSA for ACF
is 2290 m? g'!. SEM secondary electron (SE) images (Figure 4.1(c) and 4.1(d)) show that even
after chemical activation, the fibers still retain their fiber shape with a rough and non-
homogeneous surface morphology. The amount of carbon, hydrogen, nitrogen and sulfur in
ACEF, determined from CHNS analysis, are presented in Figure 4.1(e). The presence of some K

from the activation step is the reason that the total mass percentage is not 100%.
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Figure 4.1. Microstructural details for ACF: a) Nitrogen adsorption/desorption isotherm at 77 K,
b) pore size distribution calculated from the adsorption curve by the QSDFT method, c) and d)

SEM SE images at low and high magnification and e) CHNS elemental analysis.

4.3.2 Characterization of Mn Oxide Powder and 6-MnO: Coated ACF

SEM SE images for as-prepared and annealed Mn oxide powder and 6-MnO> coated ACF
samples are shown in Figure 4.2. As-6-MnO; has a flake-like microstructure (Figure 4.2(a))
which changes to some degree during annealing. There is very little change on annealing to 400
°C; the nano-flake type morphology present in the as-prepared powder is maintained for the 300-
0-MnO; (Figure 4.2(b)) and 400-3-MnO; (Figure 4.2(c)) samples. There is a distinct change in
morphology at 500 °C (Figure 4.2(d)), which correlates with a phase transformation, as discussed
in the XRD results. The SEM SE image of ACF-as-3-MnO> shows that the surface of the fibers

is fully coated with 3-MnO> (Figure 4.2(e)) and the coating has the same morphology as as-o-
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MnO; (Figure 4.2(f)). Annealing ACF-as-0-MnO> at 400 °C (Figure 4.2(g) and (h)) leads to a 6-

MnO; coating morphology similar to that for the 400-6-MnO, powder samples.

P

[200 nm

Figure 4.2. SEM SE images of a) as-6-MnO2, b) 300-6-MnOz, c¢) 400-6-MnO3, d) 500-3-MnO,

e) and f) ACF-as-6-MnO; and e) and g) ACF-400-6-MnO..
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XRD patterns for as-prepared and annealed samples are shown in Figure 4.3. The as-6-MnO»,
300- 6-MnO> and 400-3-MnO, samples have very similar XRD patterns which can be indexed to
potassium birnessite hydrate (Ko23MnO2(H20)o.7, JCPDS: 80-1098; monoclinic with
a=0.52nm, b=0.28, ¢ =0.72 nm and = 100.76°). The XRD pattern for 500-6-MnO; is
different from the rest of the samples and can be indexed to a combination of Mn3O4 (JCPDS:
01-1127; tetragonal with a=b = 0.58 nm and ¢ = 0.94 nm) and KMnO> (JCPDS: 12-0706;
tetragonal with a =b = 0.98 nm and ¢ = 0.29 nm). Upon annealing at 300 °C and 400 °C, peaks at
12.55° and 25.23° which correlate to the (001) and (002) crystallographic planes of
Ko.23MnO2(H20)0.7, respectively, become less intense particularly at 400 °C, which is an
indication of reduced crystallinity for the annealed samples compared with as-6-MnOz. The loss
in peak intensity is proposed to correspond to partial removal of oxygen atoms (due to annealing
is a Nz reducing environment) and H2O molecules from the structure. Similar to the discussion
by Ma et al. [177], the (001) reflection of as-6-MnO- represents the layered structure of
birnessite MnO; and the (002) reflection is from the hydrated cation (potassium in this case)
layers, inserted between the (001) layers. Pure 5-MnO> (JCPDS: 18-0802) does not have a
reflection at 2theta ~25°. Thus, the reduction in the (002) peak intensity for as-6-MnO- during
annealing is likely due to removal of the hydrated molecules (present in the form of hydrated K*)
and the decrease in the (001) peak intensity is due to partial removal of O from the 5-MnO-
microstructure. To summarize, it is proposed that annealing at temperatures less than 400 °C
leads to a decrease in the crystallinity of 8-MnO- and damage to the microstructure, which may
enhance pseudocapacitive activity. Annealing at 500 °C results in phase transformation to Mn3O4

and KMnO:.
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Figure 4.3 XRD patterns for Mn oxide samples. PDF files — potassium birnessite hydrate

(Ko.23MnO2(H20)0.7): 80-1098, Mn304: 01-1127 and KMnO,: 12-0706.

The as-3-MnO> and 400-6-MnO; samples were further characterized using TEM, because of the
subtle changes in structure detected by XRD. TEM EDX analysis of as-3-MnO: (supporting
information, Figure SI4.1) shows overlapping Mn, O and K maps, confirming the potassium
birnessite MnO; structure. TEM and high resolution TEM (HRTEM) images for the as-3-MnO-
and 400-3-MnO» samples are shown in Figure 4.4(a)-(b) and 4(e)-(f), respectively. The nano-
flakes that were observed in the SEM images are also present in the TEM images of the two
samples (Figure 4.4(a) and 4.4(e)). SAED patterns for both as-6-MnO; (Figure 4.4(d)) and 400-
0-MnO; (Figure 4.4(g)) show three fairly weak diffraction rings, with d-spacings of 0.240 nm,
0.211 nm and 0.138 nm. These can be indexed to potassium birnessite MnO,
(Ko.23MnO2(H20)0.7, JCPDS). Figure 4.4(c) shows a single crystal SAED pattern from as-6-

MnO, with a [001] orientation. The diffraction rings are more well-defined in the diffraction
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pattern for as-6-MnO> than for 400-6-MnQO», which is consistent with the XRD patterns, and
indicates a decrease in crystallinity due to the loss of oxygen and hydrated molecules during the
annealing. The layered structure of birnessite, from the (001) planes with a d-spacing ~0.70 nm,
is more distinct for 400-6-MnO; compared with as-0-MnO». This may be related to the removal
of the hydrated cation (K) layer ((002) planes) from the microstructure after annealing which

makes the (001) planes of the birnessite easier to image.

The oxidation state of Mn in as-6-MnQO; and 400-3-MnO, was determined by XPS analysis
(Figure 4.4(h)-4(k)). As an example, the survey spectrum for the as-6-MnQO; is shown in Figure
SI4.2. Peak splitting of the Mn 3s and 2p spectra was used to determine the oxidation state. The
C Is spectrum is attributed to alkyl carbon (C-C, C-H) and was set to a binding energy of 285.0
eV to calibrate all XPS spectra. Due to fewer unpaired electrons in the 3d orbital, splitting of the
3s peak decreases with increasing Mn valence. The peak splitting reported by Gorlin and
Jaramillo and Ilton et al. for a Mn** 3s peak is in the range of 4-4.5 eV. [178,179] The Mn 3s
region for both samples consists of two peaks with peak splitting of 4.54 eV (Figure 4.4(h) and
4(j)). The high resolution Mn 2p spectrum shows two peaks with peak splitting of 11.46 eV for
as-0-MnO; and two peaks with peak splitting of 11.44 eV for 400-3-MnO- sample (Figure 4.4(i)
and 4.4(k)). According to Wu et al., peak splitting for Mn 2p is 11.5 eV for a valence of 47, while
Zhang et al. indicate peak splitting for Mn 2p of 11.6 eV for the same valence. [164,180] The
peak splitting for both the Mn 3s and 2p spectra for as-6-MnO» and 400-6-MnO; coincides with
an oxidation state of 4" for Mn, confirming that no phase transformation occurs during the

annealing step. [16,120,163,164,178,181]
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Figure 4.4. a)-d) TEM, HRTEM and SAED analysis for as-6-MnO>, d)-g) TEM, HRTEM and

SAED analysis for 400-6-MnQO>, (h) Mn s and (i) Mn 2p XPS spectra for as-6-MnO> and (j) Mn

3s and (k) Mn 2p spectra for 400-6-MnO.

Nz adsorption/desorption isotherms for as-6-MnQO», 300-6-MnO- and 400-6-MnO- represent

isotherms for nonporous or macroporous materials (Figure 4.5(a), type Il isotherm [113]). 400-6-

MnO:; has the highest adsorbed volume at all relative pressures. The SSA of 6-MnO., calculated

using the BET method, increases by annealing at 300 °C and 400 °C (Figure 4.5(b)). The BET

SSA values for as-5-MnO; and 400-5-MnO; are 88 m? g'! and 141 m? g’!, respectively. Similar

to SSA, the total pore volume for 400-6-MnQO: is higher than the total pore volume for as-o-

MnO; (0.20 cm? g™! for as-6-MnO; and 0.43 cm? g! for 400-5-MnOy). Figure 4.5(c) shows that
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400-3-MnO> has the highest cumulative pore volume and total pore volume. In addition, most of
the total pore volume for all three samples is from mesopores and macropores. Pore size
distribution results show that annealing at 400 °C leads to an increase in the mesopore volume (at
all pore widths). The increase in the SSA and total pore volume by annealing at 400 °C and 300
°C is likely due to the partial removal of oxygen, the removal of the hydrated molecules and the
introduction of O deficient defects in the microstructure. The BET SSA values for ACF-400-6-
MnO, 400-3-MnO> and ACF are 179 m? ¢!, 141 m? g'! and 2290 m? g’!, respectively (Figure
SI4.3). Both ACF-400-6-MnO; and 400-6-MnO; have type II isotherms (nonporous or
macroporous materials). The MnO; coated carbon fiber sample (ACF-400-6-MnQ>) has a
significantly lower SSA than the bare fibers (ACF) because of the good coverage of MnO> on the
fibers, which limits fiber exposure. ACF-400-3-MnO; has a higher SSA than the annealed MnO>
powder (400-0-MnQ>) since some of the carbon fibers are exposed in ACF-400-3-MnO,,

providing some contribution from the fibers (ACF).
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Figure 4.5. N> physisorption test results for as-3-MnO2, 300-3-MnO> and 400-6-MnO; at 77 K.
(a) adsorption/desorption isotherm, (b) BET specific surface area and total pore volume, (c)

cumulative pore volume and (d) pore size distribution.

4.3.3 Capacitive Performance

To investigate the effect of annealing on the capacitive performance of the as-6-MnO» and
annealed samples, CV (scan rate: 10 mV s™') and GCPL (0.04-4 A g!) tests were conducted on
the powder samples (Figure S14.4). The CV test results (Figure SI4.4(a)) indicate that 400-6-
MnO; has the largest area under the curve which means that 400-6-MnO, has the highest specific
capacitance amongst the samples. This is in agreement with the specific capacitance values
obtained from the GCPL tests (Figure S14.4(b)) which show that 400-3-MnO: has the highest
specific capacitance at all specific currents (is). Specific capacitance values for 400-6-MnQO; are
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195 and 117 F g at 0.04 and 4 A g!, respectively, which are improved compared with as-3-
MnO; (155 and 100 F g™ at 0.04 and 4 A g!, respectively). It is proposed that annealing at 400
°C removes hydrated molecules and O from the (002) and (001) crystallographic planes of as-6-
MnO,, providing more adsorption/desorption and intercalation sites for the electrolyte species

(Li"). Thus, 400 °C was chosen for annealing of ACF-as-6-MnQO,.

Half-cell tests, in a three-electrode configuration with a Pt wire counter electrode and a Hg/HgO
reference electrode, were conducted on ACF-400-3-MnQO; to investigate the presence of redox
reactions and the stability of the electrodes at different voltage windows. Figure 4.6(a) shows the
half-cell CV tests for ACF-400-5-MnO; at a scan rate of 10 mV s™!, which indicate that the
electrode is stable up to a voltage of 1 V vs. Hg/HgO. In fact, scanning at up to at least 0.8 V vs.
Hg/HgO is necessary to observe the redox peaks (both charge and discharge peaks at ~0.6 V vs.
Hg/HgO). The oxygen evolution reaction (OER) that starts at ~1 V vs. Hg/HgO and creates a
spike in the current is the limiting factor for the voltage window. It was also observed that the
electrode made with ACF-400-6-MnO- needs to be cycled at least 10 times for the redox peaks
to appear; the first cycle does not show any peaks. Electrolyte penetration in the electrode
material becomes easier due to wetting of the electrode during the first few cycles, which
enhances the redox reactions (Li" intercalation) occurring at the surface of the electrode. By
cycling the electrode (using CV) up to 200 cycles, the peak position and intensity remain almost
the same (Figure 4.5(b)). The intensity of the redox peak is relatively low and the overall CV
curves look semi-rectangular which is likely due to the presence of double layer capacitance

(from ACF) in addition to pseudocapacitance (from 6-MnO).

CV curves, measured from the symmetric full-cell configuration, look almost rectangular for all

scan rates. Because of the symmetric nature of the full-cell design, the redox peaks are not fully

87



visible in the CV curves (Figure 4.6(c)). The specific capacitance values at different is values
were calculated from the GCPL tests in full-cell configurations (Figure 4.6(d)). Cs values for
both ACF-400-5-MnO> and 400-6-MnQO; decrease as is increases, which is likely because the
time available for Li" intercalation/de-intercalation reactions is not adequate at high is. Coating
400-3-MnO, on ACF leads to a considerable increase in Cs (at all is values) compared with 400-
5-MnO; (powder). Cs values for ACF-400-8-MnOQ> and 400-5-MnO; are 328 F ¢! and 195 F g’!
(at 0.4 A g!), respectively, which drop to 251 F g and 117 F g}, respectively, by increasing is to
4 A g'!'. This improvement in capacitive behavior is likely due to the direct growth of §-MnO; on
ACF. It has been shown that ACF has desirable conductivity and porosity. [9] The direct growth
provides a synergistic effect between the high conductivity of ACF and high theoretical
capacitance value of 6-MnOxz. The cycling behavior of ACF-400-6-MnO; is much more stable
than that of 400-6-MnO; (Figure 4.6(e)). ACF-400-0-MnO; retains ~94% of its initial Cs at 1 A
gl after 10,000 cycles (initial and final Cs values are 296 F ¢! and 279 F g}, respectively) while
400-5-MnO> only retains 64% of its initial C; (initial and final Cs values are 154 and 98 F g’!,
respectively) after 10,000 cycles. The excellent cycling behavior of ACF-400-6-MnO; is
probably a result of the direct growth of 6-MnO, on ACF that has led to efficient
absorption/desorption of Li". Charge/discharge (GCPL) curves at 100 and 10,000 cycles are
quite symmetric; no obvious plateau is observed (Figure 4.6(f)). Also a minor degradation in the
capacitive behavior is indicated by no major change in the iR drop and GCPL shapes that are

quite identical for 100 cycles and 10,000 cycles.
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Figure 4.6. Electrochemical tests results. (a) and (b) Half-cell CV tests at a scan rate of 10 mV s’
1, (c) full-cell CV tests at scan rates 2-500 mV s™!, (d) specific capacitance values calculated from
the GCPL tests for ACF-400-6-MnO; and 400-6-MnOa, (e) charge/discharge cycling test results

at 1 A g’ and (f) GCPL curves for cycle numbers 100 and 10,000.

The presence of redox peaks in the half-cell CV test results and the quite symmetric GCPL
curves indicate a more pseudocapacitive behavior rather than pure battery or pure double layer

capacitor behavior. [67]

The performance of ACF-400-6-MnO; in Li2SO4 is superior to that of ACF in terms of the CV
tests results at all scan rates (Figure SI4.4(c)); the capacitance is lower and the CV area is smaller
for ACF. Because the performance of ACF-400-6-MnO: is better than that of ACF or 400-6-
MnO: alone and all the calculated capacitance values for ACF-400-3-MnQO; are normalized by
the total mass of ACF and 400-0-MnOs, it is concluded that the direct growth of 400-6-MnO, on

ACF is effective and improves capacitive performance.
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The mass of ACF is small compared with 400-6-MnQO; in ACF-400-6-MnO, (19 wt% ACF and
81% 400-6-MnO») and the ACF surface is fully coated. As such, the contribution of ACF to the
capacitive behavior is likely negligible, although it provides a conductive substrate for 400-6-

MnO:.

A Ragone plot for ACF-400-6-MnO> and 400-6-MnO», that includes the specific energy and
power values calculated from the GCPL tests, is given in Figure SI4.5. Values were normalized
by the total mass of both electrodes in a coin cell device. Coating 400-6-MnO; on ACF increases
the energy and power values significantly when compared with the 400-6-MnO, powder itself.
For example, ACF-400-5-MnO> can deliver a specific power of ~7 kW kg™! at a specific energy
of ~4.2 Whkg! (at 1 A g'!), while 400-5-MnO; only delivers 240 W kg at 2.4 Whkg'! (at 1 A
g!). This significant improvement in the energy and power values is likely due to the intimate

coating of 400-6-MnO; on ACF.

To investigate the charge storage mechanism, SEM and XRD analysis were conducted on
electrodes prepared with ACF-400-6-MnO, in three different stages: pristine, charged and
discharged. Charged and discharged electrodes were cycled for 50 times before they were fully
charged or discharged (Figure SI4.6). SEM images of the pristine electrode (Figure SI4.6(a)),
charged electrode (Figure S14.6(c)) and discharged electrode (Figure S14.6(e)) show the 400-6-
MnO; coated ACF amongst PTFE, carbon black and 400-6-MnO; particles. The high
magnification SEM image of the pristine electrode (Figure SI4.6(b)) shows the nano-flake
morphology of 400-6-MnO; that was previously observed in the ACF-400-6-MnO> sample
(Figure 4.2(h)). The nano-flake like morphology of the 400-6-MnO> coating on ACF was
retained in the charged (Figure SI4.6(d)) and discharged (Figure SI4.6(f)) electrodes. The XRD

patterns for the pristine, charged and discharged electrodes have two main peaks at ~18° and 25°
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which correspond to the peaks in the carbon paper used for preparing the electrodes. It is
noteworthy that 400-6-MnO, XRD pattern (Figure 4.3) showed a mostly
amorphous/nanocrystalline structure with two weak peaks at ~37.5° and ~67°. Because of
interference from the carbon paper, the peaks from 400-3-MnO in the pristine, charged and
discharged electrodes are even less intense. However, for all three samples, there is a peak at
~37.5° that corresponds to the (-111) plane of birnessite (compare Figure SI4.6(g) with Figure
4.3). The almost identical XRD patterns for the pristine, charged and discharged electrodes mean

that no phase transformation occurs during charge/discharge of the electrodes.

The retention of the flake-like morphology, along with the XRD results, show that Li*!

intercalation takes place during charge and discharge, respectively, with no phase transformation.

A comparison between the results from this work and the literature for MnOx pseudocapacitors
in aqueous electrolytes is presented in Table 4.1. Demarconnay et al. have investigated the
charge storage mechanism of birnessite-type MnQ» with a specific capacitance of 150 F g at 5
mV s'. [176] Deng et al. have investigated supercapacitor devices made with wheat flour
derived carbon foam/3-MnO> composites (WFCF/MnO,) that reached specific capacitance
values as high as 146 F gl at 1 A g'! with a capacitance retention of 70% after 5000 cycles. The
specific value reported in this work at 1 A g! (296 F g'!) is higher than the one reported by Deng
etal. (146 F g'!). This could be due to the annealing step employed in this work that modified the
microstructure, improving the capacitance of 6-MnQO». [182] Ma et al. have fabricated
pseudocapacitor devices with high stabilities that can reach a specific capacitance of 350 F g! at
1 A g'! with a capacitance retention of 90% after 10,000 cycles. [183] Although the capacitance
retention in this work is superior to that reported by Ma et al., the specific capacitance values

reported by Ma et al. are higher than the ones reported here. This could be related to a couple of
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factors: 1) the core-shell 5-MnQO,/carbon nanowires structure used in the work by Ma et. al., may
have improved the conductance, SSA and porosity and, therefore, the performance of the device.
2) The capacitance values in Table 4.1 are normalized to the mass of active material and it is not
clear whether the mass utilized by Ma et al. is just for MnOx or the total mass. The total mass of
the electrode was used for the current study. Chen et al. have fabricated flexible pseudocapacitor
electrodes, employing electrodeposition of MnO> on carbon nanotube (CNT) films, which were
activated by electrochemical anodic oxygen evolution that introduced some internal space into
the films. [184] CNT/MnO films reached a maximum specific capacitance of 300 F g! at a
specific current of 0.1 A g™! which dropped to 120 F g'! at a specific current of 2 A g''. The
capacitance retention of the device, tested at 0.5 mA cm?, was 75% after 1600 cycles. [184] The
higher specific capacitance values reported in this work (296 F g! at 1 A g'!) may be due to the
direct growth of -MnO> on ACF used for the electrodes compared with CNTs utilized in the

work by Chen et al., as well as the microstructural defects in the annealed 5-MnO.
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Table 4.1. Specific capacitance and capacitance retention comparison

Electrode material Electrolyte  Specific current or Initial specific Capacitance
scan rate capacitance (F g) retention
Birnessite MnO, 0.1M 5mVs! 150 -
powder [176] NaxSO4
Carbon foam/3-MnO, 6 M KOH 1Ag! 146 70% after 5000
composites [182] cycles
MnOx@C@MnOx 6 M KOH 1A g! 350 90% after 10000
[183] cycles
CNT/MnO; [184] 1 M Na;SOq4 0.1Ag! 300 75% after 1600
cycles
This work 1 M LixSOq4 1Ag! 296 94% after
0-MnQO,/carbon fiber 10,000 cycles

A recent study by Sun et al. has shown that annealing of as-prepared 6-MnQO; in N can result in
an increase in the conductivity of the material. [185] However, there was no discussion on any
structural changes, as shown in this work. The XRD patterns in the work by Sun et al. were
measured in the range of 20 equal to 15°-90° and do not show the (001) peak for birnessite type
MnO; at ~12.5°. Also, no comparison (using TEM or XPS) of structural changes between the as-

prepared 8-MnO; and the annealed samples was done by Sun et al.

In this work, annealing at low temperatures (400 °C) resulted in reduced crystallinity, providing
more available sites for electrolyte ion intercalation, leading to improved pseudocapacitive

performance compared with as-prepared birnessite type MnOs. It has been shown previously that
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amorphous materials have improved capacitive properties due to defects and increased disorder

in the microstructure. [186—188]

4.4 Conclusions

Asphaltene based carbon fibers were chemically activated (ACF) to reach specific surface areas
as high as 2290 m? g'!. Birnessite type MnO, was directly grown on ACF to fabricate
pseudocapacitor electrodes. Mn oxide was synthesized through precipitation methods, producing
birnessite type-MnO: (6-MnQO>). The capacitance of as-prepared birnessite type MnO» was
relatively low, but was improved by annealing to modify the crystal structure. Annealing at 400
°C (400-6-MnO») provided the best capacitive performance, so this material was directly coated
on ACF to fabricate composite electrodes. The composite electrode had improved performance
over MnO, powder alone; the capacitance increased from 140 F g'to 296 F gl at 1 A g'! for
electrodes made with 8-MnO> coated ACF (ACF-400-6-MnO,); ~94% of the initial capacitance
was retained after 10,000 charge/discharge cycles. This composite device also delivered a
specific energy of 1.27 kW kg™! at a specific energy of ~6 Wh kg! (at 1 A g!). The good
performance of ACF-400-3-MnO: is attributed to the high conductivity of ACF that helps
compensate for the low conductivity of MnO». Annealing at 400 °C introduced defects into the
microstructure of 6-MnQO; by reducing the crystallinity, thereby generating additional active sites
for charge/discharge reactions. Intercalation of the electrolyte’s ions (Li*") is believed to be the

main reaction involved during charge/discharge.

4.7 Supporting Information
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Figure SI4.2. XPS survey spectrum for as-6-MnQO.
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Chapter 5: Spinel Type Mn-Co Oxide Coated Carbon Fibers as Efficient Bifunctional

Electrocatalysts for Zinc-air Batteries

A version of this chapter has been published in the journal Batteries and Supercaps:

Z. Abedi, D. Leistenschneider, W. Chen and D.G. Ivey, “Spinel Type Mn-Co Oxide Coated
Carbon Fibers as Efficient Bifunctional Electrocatalysts for Zinc-air Batteries”, Batter.

Supercaps, 2022, vol. 5, p. €202100339.

5.1 Introduction

Zinc-air batteries (ZABs) are considered as a safe and inexpensive energy storage solution as the
world becomes less dependent on fossil fuels and moves toward renewable energy technologies.
Compared with other commonly used batteries like Pb-acid batteries and Li-ion batteries, ZABs
are low cost, non-polluting and safe. They can provide energy densities as high as 1048 Wh kg!.
ZABs are currently used in hearing aids, navigation lights and railway signals. Their limited use
1s mainly because of their poor cycling behavior and low discharge/charge efficiencies.

[26,189,190]

A metallic zinc electrode, an air electrode and a typical electrolyte, consisting of 6 M KOH +
~0.25 M Zn**, are the main components of a ZAB. The air electrode is usually carbon based;

this electrode is often referred to as the gas diffusion layer (GDL). The oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) take place at the surface of the air electrode during
discharge and charge, respectively. Equation 1 shows the ORR; Equation 5.1 in reverse is the

charge reaction (OER). [26,29,30,191,192]

discharge

0, + 2H,0 + 4 —— 40H" (5.1)
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Nano-scale carbonaceous materials such as graphene nanosheets or powder, carbon nanotubes
(CNTs) and nano scale carbon fibers are usually used to prepare air electrodes. Electrocatalysts
are coupled with the air electrode via different methods like electrodeposition or atomic layer
deposition (ALD). Preparation steps for these nano-scale carbon based materials are often costly
and time consuming. A cost-effective carbonaceous precursor with a facile preparation method is
desirable for preparing air electrodes. Asphaltene is a carbon rich and inexpensive (more supply
than demand) by-product of partial upgrading of bitumen extracted from the oil sands.
Asphaltene currently has no further value other than low quality fuel or landfill; however, it can

be utilized to prepare micron-scale carbon fibers (CFs). [8,9,18,19,33,134,136,193—-196]

Electrocatalysts in the air electrode play a vital role in improving the efficiency and cycling
behavior of a ZAB, which tend to be limited by the inherent poor kinetics of the ORR and OER
reactions that take place at the air electrode. Transition metal oxides have been employed as
ORR/OER electrocatalysts in ZABs as alternatives to precious metals like Pt or Ru. Transition
metal oxides, such as Mn, Co, Ni and Fe oxides demonstrate promising bifunctional catalytic
activity towards ORR and OER. Their low cost, safety, abundance and ease of handling make
them desirable for use as electrocatalysts in ZABs. Co based transition metal oxides have been
shown to demonstrate strong OER catalytic activity, while Mn based transition metal oxides
have good ORR catalytic activity. As such, combining the two oxides into Mn-Co mixed oxides
has generated significant interest as bifunctional catalysts for metal-air batteries.

[10,13,19,26,197,198]

In this work, carbon fibers (8-12 um in diameter) are prepared through melt-spinning from
asphaltene. These fibers are then coated with Mn-Co mixed oxides as bifunctional

electrocatalysts for ZABs. Homemade GDLs are prepared, using the coated CFs. This work
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shows that 1) costly nano-scale carbonaceous materials are not needed to prepare air electrodes
or electrocatalysts, 2) ORR catalytic activity of homemade air electrodes, prepared with
asphaltene based CFs (not coated with Mn-Co electrocatalyst), is similar to that of commercially
available GDLs while presenting superior OER activity and 3) Mn-Co mixed oxide coated CFs
display comparable or better cycling behavior and efficiency relative to similar metal
oxide/carbon based electrodes in the recent literature. These electrodes are fabricated using a

cost-effective procedure.

5.2 Experimental

5.2.1 Carbon Fiber Synthesis

Carbon fiber synthesis was done based on process developed by Zuo et al. [175] and
Leistenschneider et al. [171] In a typical procedure, as-received asphaltene powder was
processed into asphaltene fibers by a melt-spinning process. Melt spinning was done using an
AT255 system from Anytester. Asphaltene powder was melted at 197 oC in a N2 atmosphere.
The soft asphaltene powder was then pressed through a spinneret hole with a diameter of 15 um
and a N2 gas pressure of 400 kPa and collected on a rotating drum with a speed of 200 rpm.
Afterwards, asphaltene fibers were cooled under ambient conditions. A one-step oxidation
process was performed on the fibers followed by soaking in 3.2 M HNO3 for 10 min to prevent
melting at elevated temperature. The fibrous material was heated to 300 °C at a heating rate of
1.5 °C min-1 and kept at this temperature for 120 min. Oxidized fibers were then divided into
three batches; each batch was carbonized at 500 oC (CF-500), 800 oC (CF-800) or 1500 oC (CF-

1500) for 2 h in N2. 1500 oC is the maximum temperature attainable by the furnace.

5.2.2 Electrocatalyst Coating Synthesis
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CF-1500 was chosen as the substrate for Mn-Co mixed oxide coatings due to its superior
ORR/OER catalytic activity compared with fibers carbonized at the other temperatures (see
discussion in Section 4). 80 mg of carbonized fibers (CF-1500) were soaked in 20 ml of 28 wt%
NH4OH for 10 min to introduce N containing groups onto the surface of the carbonized fibers;
the aim was to provide nucleation sites for the electrocatalyst coating. The fibers were then
sonicated in a mixture of 30 ml of reagent alcohol, 100 mg of NaOH and a 500 mg mixture of
Mn(1II) acetate (Mn(Ac)2 or C4HsMnO4) and Co(II) acetate (Co(Ac)z or C4HeCo0Os) salts. The
sonication time was varied from 0 h (MnCo-no sonication) to 6 h (MnCo-6h). The mass ratio of
acetate salts, i.e., Mn(Ac)2/Co(Ac)z, in the sonication solution was 1:1 (250 mg of each salt). The
sonication method in this work is similar to the one reported by Li et al. [199] for N-doped

carbon nanotubes (N-CNT).

The sonication time that led to the best ORR/OER catalytic activity and full cell ZAB
performance (5 h, discussed in Section 4) was chosen to prepare Mn-Co mixed oxide decorated
CF-1500. Three mass ratios of acetate salts (Mn(Ac)2/Co(Ac).) in the sonication solution were
tested, i.e., 2:1 (333.33 mg of Mn salt and 166.67 mg of Co salt), 1:2 (166.67 mg of Mn salt and
333.33 mg of Co salt) and 1:1 (250 mg of Mn salt and 250 mg of Co salt), to investigate the
effect of salts ratio. These samples are denoted as MnCo-5h-2:1, MnCo-5h-1:2 and MnCo-5h-

1:1, respectively.

5.2.3 Electrode Preparation
Carbon fiber electrodes that were carbonized at different temperatures (without Mn-Co mixed
oxide) were prepared by pasting a mixture of 90 wt% CF, 5 wt% polytetrafluoroethylene (PTFE)

and 5 wt% carbon black onto carbon paper (Fuel Cell Store: Toray Paper 030-TGP-H-030).
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Electrodes consisting of Mn-Co mixed oxide decorated CF-1500 fibers were prepared by pasting
a mixture containing 90 wt% Mn-Co mixed oxide decorated CF-1500, 5 wt% PTFE and 5 wt%
carbon black onto a hydrophobic carbon paper (Fuel Cell Store: Toray Paper 060-TGP-H-060).
The carbon paper provided structural support and helped prevent electrolyte leakage during
operation. Mass loading for each electrode was ~10 mg cm™ of CF or Mn-Co mixed oxide

coated CF-1500.

The electrochemical performance of the prepared electrodes, in both half-cell and full-cell
configurations, was compared with electrodes fabricated with Pt-RuO> benchmark catalysts
(referred to as Pt-Ru in this work). [22] The latter electrodes were spray coated on commercial
GDL (Fuel Cell Store: Toray Paper 060-TGP-H-060) with a mass loading of ~0.5 mg cm™. The
spray coating suspension was prepared by mixing 50 mg of Pt-RuO; powder (nominally 30 wt%
Pt and 15 wt% RuO> combined with carbon black, purchased from Alfa Aesar), 1 ml of ethanol,

0.1 ml Nafion 5% and 2 ml of deionized water (DIW).

5.2.4 Materials Characterization

The crystal structure of CF was determined by X-ray diffraction (XRD), using a Rigaku Ultima
IV system with Cu K, radiation, a scanning speed of 3° min™! and a step size of 0.05°. Zero
background sample holders were utilized. The microstructure and composition of the samples
were determined through field emission scanning electron microscopy (ZEISS Sigma 300 VP-
FESEM), using both secondary electron (SE) images and energy dispersive X-ray (EDX)
analysis. X-ray photoelectron spectroscopy (XPS) (PHI VersaProbe III scanning XPS
Microprobe), with a monochromatic Al X-ray source operated at 210 W and a pass energy of 20
eV, was employed to determine the oxidation state of Mn and Co in the Mn-Co mixed oxide

coatings. All XPS spectra were calibrated using the C 1s peak at a binding energy of 285.0 eV
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and the background was fitted using a Shirley approach. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED), using a JEOL JEM-ARM200F microscope
operating at an accelerating voltage of 200 kV, was utilized for further microstructural and
crystal structure analysis at a finer scale. CHNS elemental analysis, with a Flash 2000 Organic

Analyzer, was employed to evaluate the light element composition of the carbon fibers.

5.2.5 Electrochemical Measurements

A Biologic VSP potentiostat was used to investigate the ORR and OER catalytic activity of the
CFs and Mn-Co mixed oxide coated CFs as well as full-cell ZAB performance. Linear sweep
voltammetry (LSV at 5 mV s) in a half-cell configuration with a Pt wire counter electrode and
Hg/HgO reference electrode (+0.098 V vs. SHE) was utilized to determine the ORR and OER
catalytic activity. Galvanostatic cycling with potential limitation (GCPL) at current densities (j)

of ¥2 mA cm?, 5 mA cm?, 710 mA cm™ and 20 mA cm™ in a full-cell configuration with a 2

cm X 6 cm zinc sheet counter electrode was employed to determine the full cell charge and

discharge potentials, potential gaps and efficiencies at each current density and the cycling
behavior of the battery. 1M KOH and 6M KOH + 0.25 M ZnO were used as the electrolytes for

half-cell and full-cell tests, respectively.

Onset potentials for ORR and OER are defined as the potentials at which current densities of -10
mA cm™ and +10 mA cm™ are achieved, respectively. The efficiency of each ZAB cell is defined
as the discharge potential divided by the charge potential, i.e., Vorr/VoEr, at the same
discharge/charge current density. The potential gap is defined as AV = Vogr - Vorr and the
maximum current density achieved is defined as the current density at -0.5 V vs. Hg/HgO for

ORR and at 0.9 V vs. Hg/HgO for OER.
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5.3 Results and Discussion

5.3.1 Carbon Fiber Characterization and Catalytic Activity

XRD patterns for all three CFs correspond to the patterns for natural graphite (Figure 5.1). [200]
The two main peaks at 26.5° and 44.4° can be indexed to the (002) and (101) planes, respectively
(PDF#13-0148; hexagonal with a=2.462 A and c = 6.701 A). [201] These two peaks are the
sharpest and the strongest for CF-1500, which means that carbonization at 1500 °C leads to the
most graphitized structure with the highest carbon content CFs. It has been shown previously
that higher carbonization temperatures for C based materials lead to increased graphitization.
[202] Also, amongst all C based materials, graphite based ones (such as carbon nanotubes, sheets
and powder) tend to show the best ORR/OER catalytic activity with long term operation
stability. [34] In addition, a study by Ross et al. demonstrated that graphitized carbon has a
reduced corrosion rate in harsh alkaline electrolytes, which could improve the cycling behavior
of a ZAB in alkaline electrolytes. [203] For these reasons, 1500 °C was chosen as the

carbonization temperature for the fibers.

(002) —CF-500
—CF-800
(101) —CF-1500
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Figure 5.1. XRD patterns for CF carbonized at 500 °C, 800 °C and 1500 °C.
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Half-cell LSV curves in O saturated 1 M KOH are shown in Figure 5.2. The ORR and OER
activity increase as the carbonization temperature increases, which is related to an increase in
graphitization degree. Graphite has been shown previously to provide active sites for ORR/OER.
[22] The CF-1500 sample has the highest activity towards both ORR and OER with ORR and
OER onset potentials of -0.23 V vs. Hg/HgO and 0.68 V vs. Hg/HgO, respectively. Also, the
ORR activity of CF-1500 is comparable to that of commercial GDL. CF-1500 has a lower
absolute onset potential than commercial GDL, while commercial GDL has a slightly higher
maximum current density than CF-1500 (Figure 5.2(a)). The OER activity of CF-1500 is
significantly better than that for commercial GDL; CF-1500 has a lower onset potential and a
significantly higher maximum current density. The superior OER catalytic activity for electrodes
made with CFs compared with commercial GDL is likely due to the presence of S and N
containing groups in the CFs which can enhance OER catalytic activity. [204] Both S and N are
present in the CF precursor, as reported previously, and the amounts were measured via CHNS

analysis (Table SI5.1). [9,171]

CF-1500 was chosen as the substrate for Mn-Co mixed oxide ORR/OER bifunctional catalysts

due to its promising catalytic activity and high graphitization degree (Figure 5.1).
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Figure 5.2. LSV tests at 5 mV s showing (a) ORR and (b) OER catalytic activity of

commercial GDL and homemade air electrodes prepared with CF-500, CF-800 and CF-1500.

5.3.2 Mn-Co Mixed Oxide Coated Carbon Fiber Characterization and Catalytic Activity
SEM SE images and EDX maps of Mn-Co mixed oxide coated CFs, prepared with no sonication,
are shown in Figure 5.3(a)-(d) and exhibit a discontinuous coating on the fibers with a particle
size in the 1 pm to 15 um range. Mn, Co and O signals overlap, which indicates that a Mn-Co
mixed oxide was produced. Sonication of the CF-1500 in the salt solution was done in an attempt
to improve the quality of the mixed oxide coating on the fibers. The sonication time was varied
from 1 h to 6 h and the corresponding SEM images and EDX maps are shown in Figure 5.3.
Coating uniformity increased with increasing sonication time; for times 3 h or longer the entire
fiber surface is covered with the mixed metal oxide. The oxide coating thickness increases with
increasing sonication time, which can cause conductivity and charge transfer issues due to the
insulating nature of the oxide. [205] Increasing the sonication time also creates patches of thicker
oxide on the surface of the fibers (Figure 5.3(a, e, i, m, q and u)). This may not be a major issue
in terms of conductivity and electron/species transfer due to the small amount of Mn-Co oxide

catalyst relative to the carbon fibers. EDX quantitative analysis (Table 5.1) was done for each of
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the areas shown in the SEM images in Figure 5.3; the sample subjected to 5 h of sonication had
the highest amounts of Mn and Co. The amount of Mn-Co oxide coating increases with
increasing sonication time up to 5 h and then levels off for longer times (6 h). Longer sonication
times may result in some delamination of the oxide coating from the fibers leading to a decrease
in the amount of oxide coating. The data in Table 5.1 indicates that the Mn:Co ratio is close to
1:1 for all samples, with the possible exception of the 4 h sample. The 1:1 ratio corresponds with

the Mn:Co ratio of the salts used in the sonication solution.
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Figure 5.3. SEM SE images and EDX maps of Mn-Co mixed oxide coated carbon fibers with

(a)-(d) no sonication, (e)-(h) 1 h, (i)-(1) 3 h, (m)-(p) 4 h, (q)-(t) 5 h and (u)-(x) 6 h of sonication.
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Table 5.1. EDX quantitative analysis of Mn-Co mixed oxide coated CF-1500*

Atomic % Mass %

Sample Mn Co 0O Mn Co @)
lh 0.25 0.25 6.3 1.1 1.2 5
3h 0.39 0.35 13.2 1.6 1.6 16
4h 0.51 0.72 10.1 2.1 3.2 12.3
5h 1.63 1.85 17.6 6.2 7.6 19.5
6h 1.0 1.0 16.6 4.2 4.2 19.3

* The amount of C, or other residual elements (e.g., S and N), is not included,
therefore, the amounts do not add to 100%

LSV half-cell tests were carried out for the coated fiber electrodes and the Pt-Ru spray coated
electrode (Figure 5.3). Among the sonicated samples, MnCo-5h has the lowest absolute ORR
onset potential of -0.08 V vs. Hg/HgO and the lowest OER onset potential of 0.32 V vs. Hg/HgO
(Table 5.2). These values compare favorably with Pt-Ru, with an ORR onset potential of -0.06 V
vs. Hg/HgO and an OER onset potential of 0.63 V vs. Hg/HgO. In fact, the OER onset potential
for MnCo-5h is significantly better than the value for Pt-Ru. MnCo-5h also has the highest ORR
current density of -571 mA cm at -0.5 V vs. Hg/HgO. Its maximum OER current density is the
lowest (139 mA ¢cm) among all sonicated samples, but still exceeds the value for Pt-Ru. The
half-cell test results indicate that a sonication time of 5 h is optimal for yielding the most
efficient bifunctional electrocatalyst. MnCo-5h sample also has the largest amount of Mn-Co

oxide coating on the CFs (Table 5.1).
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Figure 5.4. LSV half-cell test results at 5 mV cm™. (a) ORR and (b) OER catalytic activities for

Mn-Co mixed oxide coated CF-1500 with different sonication times and the Pt-Ru electrode.

Table 5.2. ORR/OER onset potentials and maximum current densities for Mn-Co mixed oxide

coated CF-1500 with different sonication times and Pt-Ru

Sample
lh 3h 4h 5h 6h Pt-Ru
ORR onset potential (V vs. Hg/HgO) -0.14 -0.11 -0.12 -0.08 -0.11 -0.06
OER onset potential (V vs. Hg/HgO) 0.7 0.7 0.47 0.32 0.7 0.63
Maximum ORR current density (mA cm_z) -334 -422 -291 -571 -263 -334
200 200 199 139 167 126

Maximum OER current density (mA cm_z)

ZAB full-cell tests were done for the same samples as the half-cell tests (Figure 5.5) and the

behavior is similar to the LSV tests. MnCo-5h has the best bifunctional catalytic performance

among all samples tested including Pt-Ru. MnCo-5h has a potential gap of 0.74 V and an

efficiency of 62.6% at 10 mA cm™, while Pt-Ru has a potential gap of 0.77 V and an efficiency

of 61.9% at the same current density. The potential gap increases to 0.83 V and the efficiency
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E/V vs. Zn/Zn0Q

decreases to 58.9% when the current density is increased to 20 mA cm. This performance is

still better than that for Pt-Ru at 20 mA cm™ (Table 5.3).
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Figure 5.5. (a) ZAB full-cell test results and (b) enlarged view of full-cell test results for Mn-Co

mixed oxide coated CF-1500 with different sonication times and Pt-Ru.
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Table 5.3. Voltage gaps and efficiencies measured from the full-cell tests for Mn-Co mixed

oxide coated CF-1500 with different sonication times and Pt-Ru

Sample
lh 3h 4h 5h 6h Pt-Ru
Voltage gap (V) 0.83 0.83 0.80 0.74 0.87 0.77
10 mA cm™ Efficiency (%) 58.5 58.9 59.6 62.6 56.5 61.9
Voltage gap (V) 0.98 0.94 1.01 0.83 1.03 0.88
20 mA cm? Efficiency (%) 52.7 54.6 51.9 58.9 49.8 57.9

Because of the promising catalytic performance of MnCo-5h, other electrodes were fabricated by
varying the Mn and Co salt composition while maintaining the sonication time at 5 h. The

Mn:Co salt mass ratio was changed to 1:2 and 2:1.

LSV half-cell tests were done and the results, including those from the Pt-Ru electrode, are
shown in Figure 5.6. Of the 3 Mn:Co ratios tested, the sample with a Mn:Co salt ratio of 1:2 has
the best ORR (Figure 5.6(a)) and OER (Figure 5.6(b)) catalytic activity. MnCo-5h-1:2 has a
lower absolute ORR onset potential than either MnCo-5h-1:1 or MnCo-5h-2:1 and an maximum
absolute current density higher than MnCo-5h-2:1 and comparable to MnCo-5h-1:1. In fact,
MnCo-5h-1:2 also has an absolute ORR onset potential slightly lower than that for Pt-Ru and a
maximum absolute current density much higher than that for Pt-Ru (Table 5.4). MnCo-5h-2:1
has an onset OER onset potential that is comparable to Pt-Ru. All Mn-Co samples have better
OER activity than Pt-Ru, both in terms on onset potential and maximum current density (Figure
5.6 and Table 5.4). MnCo-5h-1:2 has the lowest OER onset potential (0.28 V vs. Hg/HgO) and

the highest maximum OER current density (293 mA cm™).
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Figure 5.6. (a) ORR and (b) OER LSV half-cell test results at 5 mV cm™ for different Mn:Co salt

mass ratios and Pt-Ru.

Table 5.4. ORR/OER onset potentials and maximum current densities for different Mn:Co salt

ratios and Pt-Ru

Sample
1:1 1:2 2:1 Pt-Ru
ORR onset potential (V vs. Hg/HgO) -0.08 -0.04 -0.06 -0.06
OER onset potential (V vs. Hg/HgO) 0.32 0.28 0.56 0.63
Maximum ORR current density (mA cm_z) -571 -549 -335 -334
139 293 202 126

Maximum OER current density (mA cm_z)

ZAB full-cell tests were done on the same 4 electrodes (Figure 5.7) and similar behavior to the
half-cell tests was obtained. Efficiencies and potential gaps were calculated and are shown in
Table 5.5. MnCo-5h-1:2 has a potential gap of 0.72 V and an efficiency of 63.7% at 10 mA cm~,
while Pt-Ru has a potential gap of 0.77 V and an efficiency of 61.9% at the same current density.

The potential gap for MnCo-5h-1:2 increases to 0.82 V and the efficiency decreases to 60.0% for
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a current density of 20 mA cm. This performance is still better than that for Pt-Ru with an

efficiency of 57.9% and a voltage gap of 0.88 V at 20 mA cm™ (Table 5.5).
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Figure 5.7. (a) ZAB full-cell test results and (b) enlarged view of full-cell test results for different

Mn:Co salt ratios and Pt-Ru.

Table 5.5. Voltage gaps and efficiencies measured from full-cell tests for different Mn:Co salt

ratios and Pt-Ru

Sample
1:1 1:2 2:1 Pt-Ru
Voltage gap (V) 0.74 0.72 0.77 0.77
10 mA cm™ Efficiency (%) 62.6 63.7 61.5 61.9
Voltage gap (V) 0.83 0.82 0.89 0.88
20 mA cm? Efficiency (%) 58.9 60.0 57.0 57.9

Because of its promising bifunctional catalytic performance, MnCo-5h-1:2 was chosen for

further materials characterization (SEM/EDX) and electrochemical testing (cycling).
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The SEM SE image and EDX maps for MnCo-5h-1:2 (Figure 5.8) show that the Mn-Co mixed
oxide coating covers the entire surface of the fibers with some patches of thicker coating. EDX
quantitative analysis, from different areas, gives a Mn:Co atomic ratio of ~1:2, which
corresponds to the Mn:Co salt ratio in the solution used for deposition. A representative SAED
pattern is presented in Figure 5.8(e) and consists of concentric rings, which indicate that the
oxide is polycrystalline. The pattern can be indexed to MnCo204 with a cubic spinel structure
(PDF#23-1237,a = 8.269 A). A schematic of the cubic spinel crystal structure is presented in
Figure 5.8(f), illustrating some of the tetrahedral and octahedral sites that act as active sites for
O donor-acceptor chemisorption. The tetrahedral cations fill 1/8 of the tetrahedral holes and the

octahedral cations fill 1/2 of the octahedral holes.

"~ Cubic Spinel- MnCo,0;
(su)_-"-.:-;

20 pm

M
Tetrabedral sifes
4

: ®
R 3 Col*
i) Octahedral sites

P =

' &
- Oxygen

4 20 um i e ; 20 pm

Figure 5.8. (a) SEM, (b)-(d) EDX and (e) SAED analysis of MnCo-5h-1:2. (¢) Schematic of the

spinel structure, showing some of the octahedral and tetrahedral sites.

The identification of the Mn-Co spinel phase was further confirmed through XPS analysis of

MnCo-5h-1:2 (Figure 5.9). Figure 5.9(a) shows the survey spectrum; the Mn and Co peaks are
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from the coating, the C peak is from the CF and the O peaks are from both CF and the Mn-Co
oxide coating. The Na peak is likely from NaOH in the solution used for oxide coating and/or
residual surface contamination. The peaks from the catalyst coating are relatively weak because

of the small amount of catalyst compared with the carbon fibers.

High resolution spectra for Co and Mn are shown in Figure 5.9. The peak splitting for the Mn 3s
spectrum (5.7 eV, Figure 5.9(b)) and the peak positions in the Mn 2p spectrum (Figure 5.9(¢c))
were used to estimate the Mn valence in the Mn-Co oxide spinel phase. Clark et al. [16] and
Gorlin and Jaramillo [179] have demonstrated a relationship between Mn 3s peak splitting and
the oxidation state of Mn. Based on these studies, the Mn 3s peak splitting of 5.7 eV may
correspond to an oxidation state of 2+. The Mn 2p spectrum contains two main peaks that
represent Mn 2p32 and Mn 2pi 2 at binding energies of 641.8 eV and 653.3 eV, respectively,
which can be assigned to Mn?*. [178,181,206,207] Deconvolution of the Co 2p spectrum leads to
four components (Figure 5.9(d)). The peaks at binding energies of 780.7 eV and 796.5 eV
correspond to Co 2p3/2 and Co 2pis, respectively. [208] The binding energies of the 2p3/ and
2p12 shake-up satellite peaks were used to estimate the Co oxidation state. The satellite peak
positions for Co 2p3 and 2pi,2 are 785.1 eV and 802.6 eV, respectively, which indicates the
presence of Co®>" in MnCo-5h-1:2. From the XPS analysis results, it can be concluded that Mn
and Co in the Mn-Co oxide coating have oxidation states of 2+ and 3+, respectively, rather than

mixed oxidation states. This corresponds to a chemical formula for the spinel phase of MnCo204.
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Figure 5.9. XPS analysis results for MnCo-5h-1:2. (a) Overall survey spectrum, (b) Co 2p

The good ORR/OER bifunctional catalytic activity of MnCo-5h-1:2 is proposed to be related to
its spinel crystal structure (Figure 5.8(¢e)). The presence of both tetrahedral and octahedral sites
(filled with Mn and Co cations, respectively) in the Mn-Co spinel structure provides donor-

acceptor chemisorption sites (active sites) for Oz, which can provide efficient catalytic activity

The MnCo-5h-1:1 and MnCo-5h-2:1 samples were also characterized, using electron diffraction
in the TEM and XPS (Figure SI5.1 and 5.13). Both samples have SAED patterns similar to

MnCo-5h-1:2 and the patterns can be indexed to a cubic spinel structure (Supporting
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Information, Figure SI15.1(a) and 5.12(b)). High resolution XPS spectra for MnCo-5h-1:1 and
MnCo-5h-2:1 are shown in Figure SI5.2(a)-(f) and the oxidation states for Mn are summarized in
Figure SI5.1(g). The Mn oxidation state was determined from the Mn 3s peak splitting and 2p
peak positions. Manganese in both samples has an overall oxidation state of ~2.6, which
corresponds to a mixed of 2+ and 3+ valences. The Mn 2p3/» spectrum can be deconvoluted into
two components with binding energies of 641.2 eV (Mn?") and 642.8 eV (Mn**) for MnCo-5h-
1:1 and 641.1 eV (Mn**) and 642.8 eV (Mn>") for the MnCo-5h-2:1. The Co 2ps/ spectra can be
deconvoluted into two peaks at 780.4 eV (Co>") and 784.8 eV (Co*") for MnCo-5h-2:1 and 780.3
eV (Co®") and 784.8 eV (Co*") for MnCo-5h-1:1. In both MnCo-5h-2:1 and MnCo-5h-1:1, Mn

and Co exist in the 2+ and 3+ oxidation states. [16,179]

The better catalytic activity for MnCo-5h-1:2, compared with MnCo-5h-1:1 and MnCo-5h-2:1,
can be attributed to differences in the oxidation states. For MnCo-5h-1:2, Co exists exclusively
in the 3+ state with Mn exclusively in the 2+ state. For both MnCo-5h-2:1 and MnCo-5h-1:1,

Mn and Co have mixed oxidation states of 2+ and 3+.

In the MnCo,04 spinel structure (MnCo-5h-1:2), Mn as Mn** occupies the tetrahedral sites and
Co as Co®" occupies the octahedral sites. In the MnCo-5h-1:1 and MnCo-5h-2:1 spinel
structures, the tetrahedral and octahedral sites are occupied by both Mn?* and Co?*. It is proposed
that a Mn-Co mixed oxide electrocatalyst with a spinel crystal structure, with Mn in the 2+
oxidation state and Co in the 3+ state (MnCo-5h-1:2), has better bifunctional catalytic activity
than a spinel structure where Mn and Co both have mixed oxidation states of 2+ and 3+ (MnCo-
5h-2:1 and MnCo-5h-1:1). There are conflicting reports in the literature regarding oxidation state
and catalytic activity. Some recent papers indicate that higher oxidation states for Mn (3+/4+)

lead to better ORR catalytic activity; e.g., the work by Li et al. [209] and the study by We et al.
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[210]. On the other hand, there are other recent studies; e.g., Cheng et al. [211], that show that a
lower Mn oxidation state is preferred for ORR catalytic activity. In any case, for the samples in
this study, the combination of Mn?" Co®* provided superior bifunctional catalytic activity. It is
also noteworthy that most recent articles claim that the presence of Co>* in the spinel structure is

beneficial in terms of OER performance. [212]

The cycling performance of batteries prepared using MnCo-5h-1:2 and Pt-Ru as the air

electrodes and a zinc sheet (2 cm X 6 cm) as the counter electrode was tested at a current density

of 10 mA cm™ for 200 charge/discharge cycles. This corresponds to a total cycling time of 100 h
with charge and discharge durations of 10 min each and a 5 min rest period after each charge and
discharge step (Figure 5.10). During the first 4 cycles, the ORR potential decreases and the OER
potentials increases slightly for MnCo-5h-1:2. This may be due to oxidation of the CFs upon
exposure to the alkaline electrolyte. [203] MnCo-5h-1:2 cycling performance is very stable
without any major fluctuations during subsequent cycles, with initial discharge and charge
potentials of 1.27 V vs. Zn/ZnO and 1.99 V vs. Zn/ZnO, respectively, and final values after 200
cycles of 1.22 V vs. Zn/ZnO and 2.02 V vs. Zn/ZnO, (Figure 5.10(c)). The initial efficiency is
63.7% and the final efficiency is 58.9%, which corresponds to only a 7.5% decrease in
efficiency. The electrode with Pt-Ru is not stable during cycling with initial and final efficiencies
of 61.9% and 43.2%, respectively, after 200 cycles, which represents a 30.2% drop in efficiency.
A power curve comparison for MnCo-5h-1:2 and Pt-Ru is presented in Figure 5.10(d). The
power curve for MnCo-5h-1:2 reaches a maximum power density of 127 mW cm™ at 198 mA
cm which is slightly better than the maximum power density of 121 mW c¢m™ for Pt-Ru at 223

mA cm™.
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Figure 5.10. Cycling tests at 10 mA c¢cm™ for (a) MnCo-5h-1:2 and (b) Pt-Ru. (c) Charge and

discharge potentials for both cells during cycling. (d) Polarization and power comparison.

MnCo-5h-1:2 electrodes were characterized using SEM/EDX analysis before and after cycling
(Figure 5.11). SEM SE images (Figure 5.11(a)-(c)) and K maps (Figure 5.11(e) and 5.12(f)) for
the electrodes after 10 and 200 cycles show that K coverage, likely in the form of potassium
carbonate, increases with cycling. However, battery performance was not adversely affected as
there was very little change from the 10" to the 200™ cycle. This is due in part to the size of the
carbon fibers (~10 um in diameter) which results in a more open air electrode with relatively
large voids and pores that are visible to the human eye (Figure 5.11(a)-(c)). The large voids aid
oxygen delivery and removal during ORR and OER when the battery is discharged or charged,
leading to a stable cycling behavior. Oxidation of carbon fibers and carbon black added during

electrode fabrication is likely responsible for the small performance degradation during the initial
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cycles. After 200 cycles, the amount of Mn and Co from the EDX analysis (Figure 5.11(d))
decreases due to the increased coverage of K; however, the Mn:Co ratio remains approximately
constant. There is a small amount of Zn on the surface of the cycled electrodes, as ZnO, and this

is likely due to presence of soluble zincate (Zn(OH)4>) species in the electrolyte.
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Figure 5.11. SEM images and EDX analysis of MnCo-5h-1:2 electrodes before and after battery
cycling. (a) SE image before cycling, (b) SE image after 10 cycles, (c¢) SE image after 200
cycles, (d) EDX spectra from the areas shown in the SEM images, (¢) K EDX map for the

electrode after 10 cycles and (f) K EDX map for the electrode after 200 cycles.

It is apparent that MnCo-5h-1:2 is very stable as a bifunctional catalyst after cycling at 10 mA
cm™ for 200 cycles. Furthermore, the performance of MnCo-5h-1:2 is superior to that of other
bifunctional transition metal oxide/carbon based catalysts reported in the recent literature (Table
5.6). As an example, Co-Mn-Ni nanorods were prepared by Wang et al. and cycled in a ZAB

containing 6 M KOH + 0.2 M Zn(Ac), electrolyte at 10 mA cm. [207] Only final efficiency
values were provided in their work, but a significant increase in the OER potential and a

122



decrease in the ORR potential were reported. Aasen et al. prepared (Co,Fe);O4/CNT bifunctional
catalysts on GDL that were cycled at both 10 and 20 mA cm™ in 6 M KOH + 0.25 M ZnO. [213]
The reported cycling performance was quite stable; however, ORR/OER half-cell catalytic
activities for MnCo-5h-1:2 in this work are superior. In addition, synthesis of MnCo-5h-1:2 is
more cost-effective since no costly carbonaceous precursors like CNTs are required. Another
example is the work by Cano et al., where NiC0204 catalysts on a Ni based GDL were prepared
and cycled in 6 M KOH at 10 mA cm™. [214] However, significant performance losses were
reported after 50 h of cycling (~55.6% efficiency). Performance then declined more rapidly until
100 h with a final discharge potential of ~0.1 V vs. Zn/ZnO. The discharge potential for MnCo-

5h-1:21s 1.19 V vs. Zn/ZnO after 200 cycles.
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Table 5.6. Comparison of bifunctional transition metal oxide/carbon based catalysts recently

reported in the literature

Catalyst/air Battery/cell Cycling current Initial Final efficiency Number of
electrode material characterization density efficiency cycles,
(i, mA cm-z) cycling
duration (h)
MnCo,04/CF 6 MKOH+0.25M 10 63.7 58.9 200, 100
(this work) Zn0O, ambient air
Co—Mn—Ni nanorods 6 MKOH+02M 10 - 57.4 100, 16.7
[207] Zn(Ac),, ambient air
MnOx + CoFe on 6 MKOH+0.25M 10 59 57 200, 100
GDL [26] Zn0O, ambient air
(Co,Fe);04/CNT on 6 MKOH+0.25M 10 59.1 58.5 200, 100
GDL [213] Zn0O, ambient air
Co-Fe [197] 6 M KOH+0.25 M 5 ~56 ~56 20, 20
Zn0O, ambient air
NiCo,04 on Ni-GDL 6 M KOH, ambient air 10 ~59.1 Battery failed 100, 100

[214]

after 75 cycles

5.4 Conclusions

Highly stable and efficient Mn-Co oxide/carbon fiber bifunctional catalyst/air electrodes were

synthesized through a facile and cost-effective method. Asphaltene as a by-product of oil sands

industry was used to prepare carbon fibers (CFs) which were then coated with Mn-Co oxide,

identified as cubic spinel MnCo20s4, via a simple sonication method as the bifunctional catalyst.

Several sonication times and Mn:Co ratios were examined in terms of their catalytic activity
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towards ORR/OER, charge/discharge efficiencies in full-cell Zn-air batteries and cycling
behavior. A sonication time of 5 h with a Mn:Co ratio of 1:2 provided the best performance. The
ORR onset potential for this sample (MnCo-5h-1:2) measured from LSV tests in a half-cell
(three electrode) configuration was -0.04 V vs. Hg/HgO with a maximum current density of -549
mA cm. Its activity towards OER was also outstanding with an OER onset potential of 0.28 V
vs. Hg/HgO and a maximum current density of 293 mA cm™. Discharge/charge efficiencies for
MnCo-5h-1:2 were 63.7% and 60.0% at 10 mA cm™ and 20 mA c¢cm, respectively. MnCo-5h-
1:2 was very stable during cycling at 10 mA cm™, without any major fluctuations in
discharge/charge potentials, and a final efficiency of 58.6% (after 200 cycles). The cycling
performance was also superior to that of Pt-Ru electrodes, which had initial and final efficiencies
of 61.9% and 43.2%, respectively, under the same conditions. The excellent battery performance
is proposed to be due to the inherent ORR/OER bifunctional activity of Mn-Co mixed oxides and

its direct and intimate growth on the CFs.

5.5 Supporting Information

Table SIS.1. CHNS analysis results for CF-1500

CF-1500

C (Wt%) H (Wt%) N (Wt%) S (Wt%)

94.05 0.03 0.31 1.54
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Figure SI5.1. SAED patterns for (a) MnCo-5h-2:1 and (b) MnCo-5h-1:1. The patterns are

indexed to a cubic spinel structure.
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Chapter 6: Zinc-Air Batteries with Efficient and Stable MnCo0204/Carbon Fiber

Bifunctional Electrocatalyst and Poly(acrylic Acid) (PAA) Based Gel Electrolyte

A version of this chapter has been published in the journal American Chemical Society Applied

Energy Materials:

Z. Abedi, J. Cui, W. Chen and D.G. Ivey, “Zinc-Air Batteries with Efficient and Stable
MnCo204/Carbon Fiber Bifunctional Electrocatalyst and Poly(acrylic Acid) (PAA) Based Gel

Electrolyte” ACS Appl. Energy Mater., 2022.

6.1 Introduction

Rechargeable (secondary) zinc-air batteries (ZABs) are cost effective and promising candidates
for sustainable energy storage devices because of their high energy density, safe operation and
long shelf life (when sealed). [12,189,215] A metallic Zn electrode, an air electrode that is
usually carbon based and an alkaline electrolyte are the main components of a ZAB. [26]
Development of rechargeable ZABs is constrained by the sluggish kinetics of the reactions that
take place at the air electrode, which limit the round-trip efficiency of the device. [198] This
necessitates the use of electrocatalysts for the air electrode reactions. [2,216] The oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) take place at the air electrode
during discharge and charge of a ZAB, respectively. [33,217] Traditionally, precious metal based
electrocatalysts like Pt and Ru have been used to improve the performance of ZABs; however,
their high cost, scarcity and cycling instability make their use for large scale applications
impractical. [19] Transition metal oxides have been investigated as effective electrocatalysts for

ZABs; e.g., Mn and Co oxides show promising catalytic activity towards ORR and OER,

128



respectively. However, they suffer from low electrical conductivity which can further negatively
affect the reaction kinetics and cause more overpotential. [12,19][218]

Carbon based structures, like carbon nanotubes (CNT), carbon fibers (CF) and graphite, have
been used as the conductive support for transition metal oxides in energy storage devices;
carbonaceous materials can also be used to prepare homemade air electrodes for ZABs.
[3,7,34,39,130,131] The use of homemade air electrodes in ZABs allows for precise electrode
design in terms of the porosity and mass loading to improve battery performance.

Low cost micron-scale carbon fibers can be synthesized from asphaltenes, which is an
inexpensive and carbon rich by-product of the oil sands industry, as discussed in previous works.
[9,23,171,175] A spinel-type MnCo204 coated CF (MnCo,04/CF) bifunctional electrocatalyst
was developed in a previous study by some of the current authors. The catalyst exhibited
excellent charge/discharge efficiencies with stable cycling behavior ina 6 M KOH + 0.25 M
ZnO aqueous electrolyte. [12]

Many challenges have been reported regarding the use of aqueous electrolytes in ZABs, such as
evaporation of the electrolyte, cell leakage and flooding. [25,38] Since the electrolyte plays an
important role in the performance of the device, new electrolyte materials can be designed to
address the issues associated with aqueous electrolytes. Gel polymer electrolytes (GPEs) are
promising candidates to replace aqueous electrolytes. GPEs are a class of polymers, known as
hydrogels. Hydrogels are capable of absorbing considerable amounts of water, without
dissolving. This property enables GPEs to hold alkaline solutions and to be used as the
electrolyte in solid-state ZABs. [219,220]

Issues associated with ZABs that use GPEs include limited power densities and cycling stability,

as well as poor discharge/charge performance at higher current densities due to degradation of
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the polymer structure. [21,38] Polymers, like polyvinyl alcohol (PVA) and polyacrylic acid
(PAA), have been used previously as the gel polymer matrix. In 2015, Fu et al.[221] and Xu et
al.[222] introduced flexible ZABs with PV A based alkaline electrolytes which suffered from
poor cycling stability even at current densities as low as 0.01-0.1 mA cm™. Chen et al.[223]
investigated the extension of cycle life of ZABs with PV A based electrolytes. The best
performing cell could be cycled for 160 h, but the current density utilized for cycling was only 2
mA cm™ and the maximum power density delivered by the cell was ~70 mW cm™. Miao et
al.[224] used PAA based GPEs for ZABs with a La based electrocatalyst. The best performing
cell delivered a power density of ~55 mW cm™ and was cycled for 100 cycles at 5 mA cm™, but
the cycling duration was only ~17 hours. In the work by Roy et al.[225], 150 cycles at 5 mA cm’
2 were achieved for a solid-state ZAB with a PAA based GPE; the cell showed stable
performance with a roundtrip efficiency of 60.0% but the cycling duration was only 25 h. In the
study by Tran et al.[38], ZABs with PAA based electrolytes ran for 120 cycles (60 h) at 5 mA
cm. Recently, Song et al.[21] investigated the failure mechanism of PAA based GPEs in ZABs.
The OH™ content, oxidation of carbon in the air electrode and passivation of the Zn electrode
were reported as the most important reasons causing battery failure.

The search for a high power ZAB with a solid-like and flexible GPE, with good performance at
higher current densities and a stable cycle life, was the starting point of this work, since most
studies on solid-state ZABs use relatively low current densities. Several ZAB cells were prepared
with homemade air electrodes that were fabricated with MnCo204/CF as the bifunctional
ORR/OER electrocatalyst. The 3D structure of the homemade electrodes was engineered in such
a way to provide maximum penetration of the GPE into the electrode by using micron-scale

carbon fibers (diameter ~10 um) that provide voids and porosity between the fibers for the air
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electrode. Hydrogel electrolytes with a PAA polymer matrix and different amounts of crosslinker
(N,N’-methylenebis (acrylamide) (MBAA)) were used to optimize the hydrogel electrolyte for a
rechargeable ZAB with the MnCo,04/CF electrocatalyst. The discharge/charge performance and
efficiency, cycle life and power output of the fabricated ZABs were investigated. In addition,
materials characterization of the electrocatalyst and hydrogel electrolytes was carried out.

6.2 Experimental

6.2.1 Bifunctional Electrocatalyst Synthesis

MnCo204 coated carbon fibers (MnCo0204/CF) were used as the bifunctional electrocatalyst in
this work. The fabrication process for this electrocatalyst was developed in a previous study. [12]
Details regarding carbon fiber preparation can be found in the recent literature. [9,171,175] To
summarize, after soaking 80 mg of carbon fibers, carbonized at 1500 °C, in ~20 ml of 28 wt%
NH4OH for 10 min, the NH4OH soaked fibers were sonicated for 5 h in a solution containing 30
ml of reagent alcohol, 100 mg of NaOH, 166.67 mg of Mn(II) acetate (Mn(Ac)2 or C4HsMnOs)
and 333.33 mg of Co(Il) acetate (Co(Ac)2 or CsHeC00Qy4) salts. The purpose of the sonication step

was to coat the CFs with a MnCo204 electrocatalyst layer.

A mixture containing 90 wt% MnCo204/CF, 5 wt% polytetrafluoroethylene (PTFE) and 5 wt%
carbon black was pasted on a hydrophobic carbon paper (Fuel Cell Store: Toray Paper 060-TGP-
H-060) to prepare air electrodes for half-cell and full-cell tests. The carbon paper was mainly
used to provide structural support for the catalyst layer. Mass loading for each electrode was ~10

mg cm™ of the electrode mixture.

In order to compare the electrochemical performance of the samples prepared in this work with
the benchmark Pt-RuO» electrocatalyst, a spray coating method was used to prepare electrodes

with Pt-RuQO,. 50 mg of Pt-RuO, powder (30 wt% Pt and 15 wt% RuO; combined with carbon
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black, purchased from Alfa Aesar), 2 ml of deionized water, 0.1 ml of Nafion 5% and 1 ml of
ethanol were sonicated for 0.5 h to form the spray coating suspension (hereafter referred to as Pt-
Ru). The suspension was then spray coated on the same carbon paper used for MnCo,04/CF.

Mass loading for each electrode was ~1 mg cm™.

All the prepared electrodes were dried in a Lindberg/Blue M™ Moldatherm™ box furnace at

350 °C prior to use.

6.2.2 Electrolyte Synthesis

Hydrogel electrolytes, containing poly(acrylic acid) (PAA), different concentrations of
crosslinker and KOH were prepared. PAA was used as the host polymer. N,N’-
methylenebis(acrylamide) or MBAA was used in the hydrogel electrolyte as a crosslinker and
potassium persulfate (K2S>0s (KPS)) was used as a thermo-initiator. Acrylic acid, MBAA and
KPS were purchased from Sigma-Aldrich, while KOH and ZnO were purchased from Fisher
Scientific. Four different electrolytes were prepared with different concentrations (20, 30, 40 and
50 mM) of MBAA. To prepare the electrolytes, 6.5 M KOH, 0.5 M acrylic acid, 0.2 M ZnO, 20-
50 mM MBAA and 1.5 mM KPS were mixed using a vortex mixer. The electrolyte mixture was
then kept at 60 °C for 1 h for the polymerization reaction to complete and then cooled overnight
to room temperature. Hydrogel electrolytes with the different MBAA concentrations are denoted

as Hydrogel-20-mM, Hydrogel-30-mM, Hydrogel-40-mM and Hydrogel-50-mM, respectively.

An aqueous electrolyte (6 M KOH + 0.25 M ZnO) was also used for full-cell battery testing in
order to compare the performance of the prepared electrodes in hydrogel and aqueous

electrolytes. 150 ml of 1 M KOH was used as the electrolyte in the half-cell configuration.

6.2.3 Battery Testing Configuration
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Half-cell tests were conducted in ~150 ml of O, saturated 1 M KOH, with a Pt wire as the
counter electrode and Hg/HgO (+0.98 V vs. SHE, in 1 M NaOH) as the reference electrode, to
investigate the ORR/OER catalytic performance of the prepared electrodes. O2 gas was bubbled
into the electrolyte with a flow rate of 0.05 standard liters per min (SLPM) for 0.5 h prior to and

during the testing.

Full-cell testing was conducted using the prepared air electrode as the working electrode and a 1
cm x 3 cm Zn sheet as the counter electrode in both hydrogel and aqueous (6 M KOH + 0.25 M
Zn0O) electrolytes. The cells were sealed by wrapping them in film (Bemis™ Parafilm™ M
Laboratory) to prevent any water evaporation. Oxygen was supplied through exposure of the
cells to ambient air. The discharge/charge performance, efficiency, cycling behavior, power

values and conductivity of the electrolytes were measured in the full-cell configuration.

6.2.4 Materials Characterization

Field emission scanning electron microscopy (FE-SEM) coupled with energy dispersive X-ray
(EDX) spectroscopy was used to study the microstructure and composition of the samples
(ZEISS Sigma 300 VP-FE-SEM). Transmission electron microscopy (TEM), high resolution
TEM (HRTEM) and selected area electron diffraction (SAED), using a JEOL JEM-ARM200F
microscope operating at an accelerating voltage of 200 kV, were utilized for further
microstructural and crystal structure analysis at a finer scale. Rheological properties of the
hydrogel electrolytes were determined using a Kinexus Lab* rheometer. A frequency sweep from
0.01 Hz to 10 Hz at 1% strain was conducted to determine the elastic and viscous shear moduli
as well as the complex viscosities. X-ray photoelectron spectroscopy (XPS) with a

monochromatic Al X-ray source, using a PHI VersaProbe III scanning XPS Microprobe operated
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at 210 W and a pass energy of 20 eV was used to further examine the elements present in the

MnCo,04/CF catalyst as well as their oxidation states.

6.2.5 Electrochemical Measurements

To determine the electrochemical performance of the prepared electrodes, a Biologic VSP
potentiostat was employed. Linear sweep voltammetry (LSV) with a scan rate of 5 mV s! was
utilized in a half-cell configuration to investigate the bifunctional catalytic activity of the
prepared electrodes. Galvanostatic cycling with potential limitation (GCPL) tests were conducted
to determine the full-cell battery performance and the cycling behavior at current densities (j) of

*2mA cm?, 5 mA cm?, ¥10 mA cm™ and 20 mA ¢cm™ in a full-cell configuration. The cut-

off voltages for GCPL tests were 0.5 V and 3 V vs. Zn/ZnO for discharge and charge,
respectively. Electrochemical impedance spectroscopy (EIS) tests were utilized to measure the
electrolyte resistance and the charge transfer resistance at the electrode/electrolyte interface. EIS
tests for all samples were performed at a frequency range from 500 kHz to 50 mHz with an

alternating potential amplitude of 5 mV.

Onset potentials for ORR and OER in the half-cell tests are defined as the potentials (V vs.
Hg/HgO) corresponding to current densities of -10 mA cm™ and +10 mA cm™, respectively. The
maximum current densities (half-cell) are defined as the current densities at -0.5 V vs. Hg/HgO
for ORR and at 0.9 V vs. Hg/HgO for OER. The efficiency of each full-cell ZAB is defined as
the discharge potential divided by the charge potential, i.e., Vorr/VoEr, at the same
discharge/charge current density. The potential gap in the full-cell tests are defined as AV = Vogr

- VORRr.

6.3 Results and Discussion
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6.3.1 Materials Characterization of the MnCo0204/CF Electrocatalyst

An SEM secondary electron (SE) image of the MnCo0,04/CF sample and corresponding EDX
maps are shown in Figure 6.1(a)-(d). In addition to coating the surface of the CF, MnCo0,04
forms larger particles that grow into each other to form islands (Figure 6.1(a)). EDX maps for
Mn, Co and O overlap, which confirms the formation of the mixed Mn and Co oxide (Figure
6.1(b)-(d)). A TEM SAED pattern from several MnCo204 particles is shown in Figure 6.1(e).
Several rings are visible, which indicate the polycrystalline nature of MnCo204, and these can be
indexed to cubic spinel type MnCo,04 (PDF#23-1237, a= 8.269 A). Figure 6.1(f) shows a TEM
bright field (BF) image from an area containing MnCo204 grains, which are less than 10 nm in
size. A HRTEM image (Figure 6.1(g)), acquired from the area shown in Figure 6.1(f), shows
(220) and (311) type crystallographic planes from MnCo0204. In summary, the formation of

MnCo0204 on the CFs is confirmed by electron microscopy.

Detailed XPS analysis can be found in previous work. [12] However, the overall survey
spectrum, Mn 3s and 2p spectra and Co 2p spectra are presented in Figure 6.1(h)-(k),
respectively. Mn 3s peak splitting (5.7 eV), Mn 2p peak positions (Mn 2p32 and Mn 2py, at
binding energies of 641.8 and 653.3 eV), Co 2p peak positions (780.7 and 796.5 eV
corresponding to Co 2p32 and Co 2p12) and shake-up satellite peaks (Co 2ps.2 at 785.1 and 2p1.2
at 802.6 eV) were used to identify the oxidation states of Mn and Co in the catalyst. Mn and Co
cations exist in oxidation states of 2+ and 3+, respectively, which correspond with the MnCo0,04

chemical formula and confirm the TEM analysis.
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Figure 6.1. Electron microscopy and XPS characterization of MnCo,04/CF. (a) SEM SE image,
(b)-(d) EDX maps, (e) SAED pattern of the entire region shown in (f), (f) TEM BF image, (g)
HRTEM image of the area indicated by the square in (f) with fast Fourier transform (FFT) of the
highlighted particle shown in the inset, (h) overall XPS survey spectrum, (i) Mn 3s XPS

spectrum, (j) Mn 2p XPS spectrum and (k) Co 2p XPS spectrum.

6.3.2 PAA-KOH Hydrogel Electrolyte Characterization

First of all, a visual test was performed with the prepared electrolytes. The hydrogel electrolytes
with different amounts of crosslinker were synthesized in 50 ml laboratory tubes. After
synthesis, the electrolytes were moved from the tubes to glass plates. After ~5 min, Hydrogel-20-
mM was the only one that did not retain the tube shape and leaked out of the tube as shown by

the red arrow in Figure 6.2(a).

The rheological properties of the synthesized hydrogels were examined by a frequency sweep
test in the 0.01-10 Hz range at 1% maximum strain to assess the mechanical properties (Figure
6.2 (b) and 2(c)). First, the elastic (G’) and viscous (G’’) shear moduli were determined. G’

represents the reversibly stored energy and the mechanical strength, while G’’ represents the
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irreversibly lost energy by viscous flow. Then the ratio of G’’/ G’ = tan(d) was examined, where
0 is the phase angle. G’/ G’ < 1 corresponds to a gel (solid-like state), while G’/ G’ > 1
represents a sol (liquid-like state). [38,226-228] G’ is larger than G’ for all the hydrogel
electrolytes over the entire frequency range, so they all qualify as gels. Hydrogel-20-mM has the
lowest G’/ G’ ratio (Figure 6.2(b)). Complex viscosity was calculated as a function of G’ and
G’’ and is shown in Figure 6.2(c). Hydrogel-50-mM has the highest viscosity while Hydrogel-
20-mM has the lowest. Because the complex viscosity is a function of frequency for all the
synthesized hydrogel electrolytes (complex viscosity decreases with increasing frequency), they
all can be categorized as gels. [229] Hydrogel-20-mM was not chosen for further testing in full-
cell ZAB cells, since the visual experiment revealed that it did not retain the tube shape. As such,
Hydrogel-20-mM does not qualify as a GPE for the all solid-state cells. Hydrogels with

crosslinker concentrations =30 mM were tested as the ZAB electrolytes.
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Figure 6.2. Rheological properties of the hydrogel electrolytes with different amounts of MBAA.
(a) Visual examination, (b) elastic (G’) and viscous (G’”) moduli and (¢) complex viscosity as a

function of frequency determined by a frequency sweep test.

Half-cell (1 M KOH, O2 saturated aqueous solution) LSV curves for MnCo0204/CF and the
benchmark Pt-Ru electrocatalyst are shown in Figure 6.3. The ORR onset potential for
MnCo0204/CF is -0.04 V vs. Hg/HgO, which is slightly better than the onset potential for Pt-Ru
(-0.06 V vs. Hg/HgO) (Figure 6.3(a)). The maximum current density, for the potential range of 0
V to -0.5 V vs. Hg/HgO, in the ORR half-cell test for MnCo0204/CF is -548.7 mA cm-2, which
is superior to the maximum current density by Pt-Ru (-333.6 mA cm-2). The OER onset
potential and maximum current density for MnCo204/CF are 0.28 V vs. Hg/HgO and 292.6 mA
cm-2, respectively, which are significantly improved compared with the corresponding values
for Pt-Ru (0.63 V vs. Hg/HgO and 126.0 mA cm-2, Figure 6.3(b)). The catalytic activity of
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MnCo204/CF towards both ORR and OER, in terms of both the onset potential and the
maximum current density, is better than that of Pt-Ru. This is due, in part, to the design of the
homemade air electrode and the materials utilized. The carbon fibers helped improve the
electronic conductivity of the air electrode, by offsetting the poor conductivity of MnCo0204. In
addition, the use of relatively large carbon fibers (~10 um in diameter) provided voids and pores
within the air electrode which facilitated oxygen diffusion through and electrolyte penetration

into the air electrode. The half-cell tests results are summarized in Table 6.1.
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Figure 6.3. (a) ORR and (b) OER half-cell LSV tests results for MnC0204/CF and Pt-Ru in O

saturated 1 M KOH.
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Table 6.1. Half-cell test results for MnCo;04/CF and Pt-Ru in O; saturated 1 M KOH

Half-cell results in O; saturated 1 M KOH MnC020 4/CF Pt-Ru

ORR onset potential (V vs. Hg/HgO) -0.04 -0.06

OER onset potential (V vs. Hg/HgO) 0.28 0.63
Maximum ORR current density (mA cm) -548.7 -333.6
Maximum OER current density (mA cm) 292.6 126.0

6.3.3 Full Cell Zinc-air Battery Testing

ZAB full-cell tests were conducted on batteries made with an air electrode consisting of
MnCo,04/CF or Pt-Ru and either a hydrogel electrolyte, with different crosslinker concentrations
plus KOH and ZnO (MnCo0204/CF-Hydrogel or Pt-Ru-Hydrogel), or an aqueous electrolyte with
6 M KOH and 0.25 M ZnO (MnCo,04/CF-Aqueous or Pt-Ru-Aqueous) (Figure 6.4). The
efficiency and voltage gaps for all the samples are shown in Table 6.2. Of all MnCo0,04/CF air
electrodes coupled with hydrogel electrolytes with different crosslinker concentrations,
Hydrogel-30-mM has the highest efficiency at all current densities. For this reason, Pt-Ru was
tested with Hydrogel-30-mM as well. MnCo204/CF-Hydrogel-30-mM has efficiencies of 62.6%
and 61.1% with voltage gaps of 0.77 V and 0.84 V, at 10 mA cm™ and 20 mA cm™, respectively.
Similar to the half-cell tests results, MnCo204/CF-Hydrogel-30-mM has superior
discharge/charge performance to Pt-Ru-Hydrogel-30-mM, which has efficiencies of 61.3% and
55.1% and voltage gaps of 0.79 V and 0.97 V at 10 mA cm™ and 20 mA cm™, respectively. In
the aqueous electrolyte, MnCo0204/CF has better performance, with an efficiency of 63.7% at 10
mA cm, than Pt-Ru with an efficiency of 61.9% at the same current density. The better

charge/discharge battery performance of MnCo,04/CF in both aqueous and hydrogel
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electrolytes, compared with Pt-Ru, is attributed to the well-engineered design of the homemade
MnCo,04/CF air electrode that provides a 3D structure due to the relatively large size of the
carbon fibers (~10 um in diameter) with macro-pores for a better air/electrode/electrolyte

interface.

Based on the rheology results, as the crosslinker concentration increases the viscosity of the
hydrogel increases and it becomes stiffer. In other words, visScosity(aqueous) < ViSCOSitY(Hydrogel-30-
mM) < VISCOSitY(Hydrogel 40-mM) < VISCOSIity(Hydrogel-50-mM). For both MnCo,04/CF and Pt-Ru, the
general trend in terms of battery performance is that as the viscosity of the electrolyte increases
(from Aqueous to Hydrogel-50-mM), the performance of the battery degrades. The efficiency
values at 10 and 20 mA cm, that are presented Table 6.2, decrease while the voltage gaps
increase as the viscosity of the electrolyte increases. For example, at 10 mA ¢cm™, MnC0204/CF
has an efficiency of 63.7% in the aqueous electrolyte, 62.6% in Hydrogel-30-mM, 61.9% in
Hydrogel-40-mM and 61.2% in Hydrogel-50-mM. As the electrolyte becomes more viscous, its
penetration into the porous air electrode becomes more difficult, reducing the contact area
between the electrolyte and the air electrode (Figure 6.5). It is well established that the ion
transport rate decreases as the viscosity increases. [230,231] Therefore, degradation of battery
performance by increasing the viscosity of the electrolyte is likely due to the decreased
electrode/electrolyte contact, which is also known as the three-phase boundary
(air/electrolyte/electrocatalyst), as well as a decrease in the ion (mainly OH" and Zn?") transport

rate and O; diffusion. [232,233]

The expanded view of the full-cell battery performance for MnCo>0O4/CF in hydrogel electrolytes
with different crosslinker concentration (Figure 6.4(b)) shows that the charge/discharge voltages

at low current densities (e.g., 2 mA cm™) are very similar. At higher current densities, such as 20
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mA cm, the differences between the charge/discharge potentials for MnCo,04/CF in hydrogel
electrolytes with different crosslinker concentrations become more significant. This is likely due
to the effect of ion (OH", Zn?") or dissolved gas (O) diffusion in the different electrolytes. The
effect of diffusion in the electrolyte on the battery performance is not significant at low current
densities (e.g., 2 mA cm) because the charge/discharge rates are slow enough to provide
enough time for the diffusing species to move either towards or away from the air electrode. Ion
species diffusion is more important at higher current densities (e.g., 20 mA cm), since diffusion
rates are not fast enough to respond to the higher ORR/OER rates. As such battery performance
degrades. Diffusion is less restricted in Hydrogel-30-mM compared with Hydrogel-40-mM and
Hydrogel-50-mM, which leads to a higher discharge voltage and lower charge voltage for
Hydrogel-30-mM at high current densities. For example, the charge and discharge voltages at 10
mA cm™are 1.98 V and 1.24 V vs. Zn/ZnO for MnC0,04/CF-Hydrogel-30-mM and 2.02 V and

1.23 V for MnCo,04/CF-Hydrogel-50-mM.
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Figure 6.4. ZAB (a) full cell tests results and (b) expanded view of full cell tests results at
different current densities for MnCo,04/CF and Pt-Ru in aqueous and hydrogel electrolytes.
Table 6.2. Full-cell tests results for MnCo204 and Pt-Ru in hydrogel and aqueous electrolytes
Full-cell results Pt-Ru MnCo,04/CF
Aqueous  Hydrogel- Aqueous Hydrogel- Hydrogel- Hydrogel-
30-mM 30-mM 40-mM 50-mM
j=10  Voltage 0.77 0.79 0.72 0.74 0.77 0.78
mAcm”  gap (V)
Efficiency 61.9 61.3 63.7 62.6 61.9 61.2
(%0)
j=20 Voltage 0.88 0.97 0.82 0.74 0.88 0.90
mAcm”  gap (V)
Efficiency 579 55.1 60.0 61.1 57.7 56.7
(%0)
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Figure 6.5. Schematics of the effect of electrolyte viscosity on the electrode/electrolyte/air three

phase boundary area.

EIS measurements were acquired from the full-cell ZAB configuration, using MnCo0204/CF as
the air electrode, and are shown in Figure 6.6. Because the electrode materials for all the samples
were the same, the first intercept of the EIS curves with the x axis represents the electrolyte
resistance (Relectrolyte). Typically, in an EIS test at high frequencies, the effect of diffusion of
the species in the electrolyte is minimal; this effect becomes dominant at lower frequencies.
[125] However, Figure 6.6(b)-(d) shows that the diffusion region for MnCo0204/CF-Hydrogel-
40-mM and MnCo0204/CF-Hydrogel-50-mM is expanded to the high frequency region, so that
the semicircle in the high frequency region is not observed. The Rct value for MnCo0204/CF-
Hydrogel-30-mM was calculated as ~0.3 Q based on fitting of the data (EC-Lab) (Figure 6.6(b)).
However, Rct could not be determined for MnCo204/CF-Hydrogel-40-mM and MnCo0204/CF-
Hydrogel-50-mM. Nevertheless, comparison of Figure 6.6(b), (c¢) and (d) suggests that: 1) the
Warburg region with the 450 line, for Hydrogel-40-mM and Hydrogel-50-mM, has expanded to
the high frequency region which is why the semicircle in this region is not visible. This result
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indicates that diffusion of the charge carrier species within these electrolytes is a limiting factor
in terms of the battery performance, even at very high frequencies. In addition, the increase in
viscosity of the hydrogel electrolytes, by increasing the crosslinker concentration, results in a
decrease in the electrode/electrolyte/air three-phase boundary area. As such, the electrolyte
resistance increases. Relectrolyte values for Hydrogel-30-mM, Hydrogel-40-mM and Hydrogel-

50-mM were determined as 1.1 Q, 1.2 Q and 1.26 €, respectively.
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Figure 6.6. EIS tests results for MnCo204/CF 1n (a) different hydrogel electrolytes. Expanded

views for (b) Hydrogel-30-mM, (c) Hydrogel-40-mM and (d) Hydrogel-30-mM.

MnCo0204/CF-Hydrogel-30-mM and Pt-Ru-Hydrogel-30-mM were tested for 200 cycles (100 h)

at 10 mA cm-2 to investigate the cycling behavior of the batteries. Each cycle includes 10 min of

discharge, 5 min of rest and 10 min of charge followed by another 5 min of rest. MnCo204/CF-

Hydrogel-30-mM had stable cycling behavior with no major fluctuations in the discharge/charge

voltage up to ~130 cycles; there is gradual degradation after ~130 cycles (Figure 6.7(a)). On the

other hand, Pt-Ru-Hydrogel-30-mM was not stable during cycling as charge performance started

to degrade after ~20 cycles. The battery failed at ~110 cycles (discharge failure occurred at ~100
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cycles and charge failure at ~110 cycles (Figure 6.7(b)). Cell failure in this work is defined by
the charge voltage exceeding 3.0 V vs. Zn/ZnO and/or the discharge voltage dropping to lower
than 0.5 V vs. Zn/ZnO. Initial and final discharge and charge voltages and efficiencies are
presented in Table 6.3. Initial and final efficiencies for MnCo,04/CF-Hydrogel-30-mM are
62.6% and 56.1% (6.5% difference), respectively, while the initial efficiency for Pt-Ru-
Hydrogel-30-mM is 61.3% and the final efficiency is not defined for this battery due to battery
failure. An expanded view of the discharge/charge behavior for MnCo,04/CF-Hydrogel-30-mM
shows the minor changes in the discharge/charge voltages at three different stages (0-10, 90-100
and 190-200 cycles (Figure 6.7(c)). Figure 6.7(d) shows superimposed curves from Figure 6.7(a)
and 7(b) to better illustrate the changes in the discharge/charge voltages during cycling for

MnCo0204/CF-Hydrogel-30-mM and Pt-Ru-Hydrogel-30-mM, for the entire 200 cycles.
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Table 6.3. Cycling test results for MnCo0,04/CF-Hydrogel-30-mM and Pt-Ru-Hydrogel-30-mM

at 10 mA cm™

MnCo,04/CF-Hydrogel-30-mM Pt-Ru-Hydrogel-30-mM

Initial discharge voltage (V) 1.24 1.25
Final discharge voltage (V) 1.20 Failed
Initial charge voltage (V) 1.98 2.04
Final charge voltage (V) 2.14 Failed
Initial efficiency (%) 62.6 61.3

Final Efficiency (%) 56.1 Failed

Since the cycling tests for both the MnCo,04/CF and Pt-Ru catalysts were conducted in the
Hydrogel-30-mM electrolyte, the performance difference is attributed to the catalysts. A
previous study has revealed that MnCo,0O4/CF has very stable cycling behavior in alkaline
aqueous electrolytes with only a 4.8% drop in the efficiency after 200 cycles when tested at 10
mA cm™ for 100 h, while the cycling behavior of Pt-Ru was very unstable, mainly due to the
oxidation of Pt during OER. [12] Furthermore, the corrosion of carbon in an alkaline
environment, mainly in the form of potassium carbonate (K>,COs) formation, is a major reason
for the performance drop of ZABs. Potassium carbonate particles can plug the porosity of the

electrodes limiting access to three phase boundaries. [2,12,22]

SEM/EDX analysis was conducted on pristine and cycled (200 times) MnCo204/CF electrodes,
to investigate any morphology changes due to the formation of potassium carbonate (Figure 6.8).
The SEM SE image of the pristine electrode (Figure 6.8(a)) shows the distribution of carbon

fibers as well as some regions that include carbon black, PTFE and excess MnCo0204 that has not
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coated the carbon fibers. The EDX maps for this electrode confirm the presence of Mn, Co and
O and show that these signals overlap (Figure 6.8(c)-(e)). An SEM SE image and corresponding
EDX maps for the cycled electrode are shown in Figure 6.8(f)-(j)). The carbon fibers in the air
electrode are still intact. There is no K signal in the EDX spectrum of the cycled electrode
(Figure 6.8(k)) and there is no excess C in the porosity (Figure 6.8(g)), which indicates that there
is little or no potassium carbonate formation. As such, carbon corrosion is not the primary reason
for the drop in efficiency during cycling. The EDX spectrum (Figure 6.8(k)) acquired from the
area shown in Figure 6.8(a) of the pristine electrode confirms the presence of Mn, Co, O and C.
A small amount of S from the CF precursor and Na from the sonication step are present in the
pristine electrode. The EDX spectrum of the area shown in Figure 6.8(f) of the cycled electrode
is also presented in Figure 6.8(k) and confirms the presence of Mn, Co and C after cycling. Other
possible reasons for performance loss during cycling include degradation of the polymer matrix

and changes in the electrolyte concentration. [21,38]
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Figure 6.8. SEM/EDX analysis on (a)-(e) pristine and (f)-(j) cycled MnCo0204/CF electrodes and

(j) the EDX spectra from the areas shown in (a) and (f).

Power density and cell potential plots, as a function of discharge current density, for
MnCo0,04/CF-Hydrogel-30-mM, Pt-Ru-Hydrogel-30-mM, MnCo0,04/CF-Aqueous and Pt-Ru-
Aqueous, are shown in Figure 6.9. The maximum power density achieved for MnCo0204/CF-
Hydrogel-30-mM is 240 mW cm, which is considerably larger than that for Pt-Ru-Hydrogel-
30-mM (165 mW cm) (Figure 6.9(a)). The maximum power densities achieved for both
catalysts in the hydrogel electrolyte are also significantly higher than the ones achieved for the
same catalysts in the aqueous electrolyte; i.e., 127 mW cm™ for MnCo0,04/CF-Aqueous and 121

mW cm™ for Pt-Ru-Aqueous (Figure 6.9(b)). Power densities at current densities lower than
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~100 mA cm are similar for both the hydrogel and aqueous electrolytes, but power densities at
larger current densities are higher for the hydrogel electrolyte compared with aqueous
electrolyte. At low current densities, the effect of O, diffusion from ambient air into the air
electrode on the battery performance is minimal, while at higher current densities O> diffusion
limits the performance of the battery for both electrolytes. At high current densities, it is believed
that since the hydrogel electrolyte does not completely fill the porosity of the air electrode (deep
within the electrode) (Figure 6.5), it is easier for O to diffuse from ambient air from the
backside of the air electrode to the three phase boundary regions. The aqueous electrolyte more
readily fills the porosity of the air electrode, which can limit the three phase boundary area and
O: diffusion and reduce the power density at higher current densities. In addition, the improved
three phase boundary area access that the hydrogel electrolyte provides results in a higher
discharge voltage for the catalysts at high current densities. The cell voltage for the catalysts in
both the aqueous and hydrogel electrolyte starts at ~1.4 V vs. Zn/ZnO for low current densities
and drops in a similar manner with increasing current density until ~100 mA ¢cm™. The potential
drop with increasing current density is more significant for the aqueous electrolyte. For example,
at a current density of 300 mA c¢m, the cell voltages for MnCo0,04/CF-Hydrogel-30-mM and
MnCo,04/CF-aqueous are ~0.8 V vs. Zn/ZnO and ~0.3 V vs. Zn/ZnO, respectively.
Furthermore, the cell voltage for Pt-Ru-Hydrogel-30-mM drops significantly with increasing

current density and reaches zero (battery failure) at ~330 mA cm™.

Figure 6.9(a) also indicates a lower ohmic overpotential for MnCo204/CF-Hydrogel-30-mM
compared with Pt-Ru-Hydrogel-30-mM. The ohmic overpotential is due to a combination of
resistances from the electron flow, proton flow, and electrical contact. The only difference

between the two batteries in Figure 6.9(a) is the air electrode. For the Pt-Ru-Hydrogel-30-mM
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system, the battery becomes diffusion limited at high current densities, which is not the case for

MnCo,04/CF-Hydrogel-30-mM. This is likely because of the different designs for the air

electrode. The Pt-Ru catalyst is essentially deposited (sprayed) only on the surface of the air

electrode which can limit charge transfer at the surface of the electrode. MnCo0,04 coats the

carbon fibers throughout the entire active region of the air electrode. This facilitates

electron/charge transfer to/from the air electrode which improves (lowers) the ohmic

overpotential.
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Figure 6.9. Power and cell voltage for ZAB cells with (a) hydrogel and (b) aqueous electrolytes.

The results presented here indicate that using well engineered homemade air electrodes for ZABs

with GPE can provide stable batteries with good performance and high power densities. Table

6.4 presents a comparison between the results of this work and the recent literature with GPEs.

The power output and cycling performance of batteries with MnCo0204/CF as the bifunctional

electrocatalyst and PAA as the hydrogel electrolyte (MnCo,04/CF-Hydrogel-30-mM) are

superior to previously reported rechargeable ZABs. A direct comparison can be made with the

studies listed in Table 6.4, as they all used similar electrolytes and transition metal oxide based

electrocatalysts. A comparison with several ZABs using aqueous electrolytes is also provided in

Table 6.4. Table 6.4 shows that the cycling behavior and the power output for the aqueous
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batteries is generally superior to the solid-state ones (with the exception of this work). For
example, the work by Wang et al. [234] reported a maximum power output of 231 mW cm™ for a
ZAB with an aqueous alkaline electrolyte, however, this cell had a stable charge/discharge
performance for only 25 h. The use of micron-scale carbon fibers in this work generated a porous
3D design for the air electrode with a maximum power output of 240 mW cm™ and stable
cycling behavior. This power output is rare for ZABs and the cycling behavior of MnCo204/CF-
Hydrogel-30-mM was the same or better than the batteries (with GPEs) reported by Roy et al.
[225], Tang et al. [235], Miao et al. [224], Chen et al. [223], Ramakrishnan et al. [27], Muthurasu
et al. [32] and Chen et al. [37], even though those studies used lower current densities and/or
shorter cycling durations for battery cycle testing. For example, the batteries reported by He et al.
[236] and Tran et al. [237], using PAA as the GPE, have relatively high maximum power
densities of 158 and 146 mW cm™, respectively. The battery reported by He et al. [48] had a high
initial efficiency of ~69% at 10 mA cm™; however, the battery was only cycled 16 times (6 h).
The best performing ZAB cell in the work by Tran et al. failed after 160 cycles (80 h), although

their cell was cycled at a current density of 20 mA ¢cm™.
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Table 6.4. Comparison of ZAB cycling, efficiency and power density performance

Electrocatalyst Electrolyte Current  Number of cycles- Initial/final Power Ref.
density total cycling efficiency density
(mA cm?) duration (%) (mW cm?)
MnCo,04/CF PAA-KOH 10 200 cycles - 100 h 62.6/56.1 240 This work
(MnCo0,04/CF-
Hydrogel-30-mM)
(Co,Fe);04/N-CNT PAA-KOH 20 160 cycles - 80 h 60.8/failed 146 [237]
CoPS PAA-KOH 5 150 cycles —25h 60/~54 N/A [225]
FeCo-NC PAA-KOH 10 16 cycles—6 h ~69/~69 158 [236]
N, S-C-Co9¢Ss PAA-Fe*- 5 360 cycles - 120 h 32.8/31.6 55.4 [235]
CS/NH,CI
LaMnOs3 PAA-KOH 5 100 cycles — 17 h 64/57.5 52.9 [224]
Co304 PVA-OH- 2 320 cycles - 160 h ~45/~40 70 [223]
MXene
CS-NFO@PNC PVA-KOH 5 240 cycles - 40 h ~57/~54 51 [27]
N-CNTs@MOF-FeCo PVA-KOH 5 60 cycles - 10 h ~75/~53 70 [32]
CoMn1.5Ni0.504 PAMC 5 190 cycles —32 h ~63/~42 ~86 [37]
Fe;C/Co(Fe)Ox@ Aqueous 10 150 cycles—25h ~57/~55 231 [234]
NCNT KOH
MnCo0,04/CF Aqueous 10 200 cycles - 100 h 63.7/58.9 127 [12]
KOH
FeCoMoS Aqueous 2 420 cycles - 70 h 60/56 118 [28]
KOH
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6.4 Conclusions

The pursuit of high power and efficient Zn-air batteries (ZABs) with gel polymer electrolyte with
stable cycling performance was the starting point of this work. Cubic spinel type MnCo204
coated carbon fibers (MnCo,04/CF) were used to prepare well-engineered air electrodes for
ZABs. PAA-KOH based gel polymer electrolytes (GPEs) were synthesized; the best performing
composition for the GPEs was 6.5 M KOH, 0.5 M PAA, 0.2 M ZnO, 30 mM MBAA and 1.5
mM KPS (Hydrogel-30-mM). The ZAB cell made with Hydrogel-30-mM and MnCo,04/CF
(MnC0,04/CF-Hydrogel-30-mM) had an initial roundtrip efficiency of 62.6% at 10 mA cm™
which degraded by only 6.5% after 100 h (200 cycles, 30 min/cycle). This performance was
superior to that of the cell made with the benchmark electrocatalyst, consisting of Pt and RuO»
mixed with carbon black (Pt-Ru), and Hydrogel-30-mM, which had an initial roundtrip
efficiency of 61.3% but failed after ~110 cycles. The maximum power output for MnCo204/CF-
Hydrogel-30-mM was 240 mW cm™, which is far superior to other ZABs with GPEs in the
literature. The superior performance is attributed to the air electrode, consisting of micron-scale
carbon fibers, which provide high macro-porosity to increase the air/electrocatalyst/electrolyte
three phase boundary area leading to better oxygen reduction reaction (ORR) and oxygen

evolution reaction (OER) kinetics.
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Chapter 7: Efficient Low Temperature Performance of All Solid-State Zinc-air Batteries
with MnCo204/Carbon Fiber Bifunctional Electrocatalyst and Poly(acrylic Acid) (PAA)

Gel Polymer Electrolyte

A version of this chapter has been submitted for publication in the journal Batteries and

Supercaps:

Z. Abedi, J. Cui, W. Cehn and D.G. Ivey, “Efficient Low Temperature Performance of All Solid-
State Zinc-air Batteries with MnCo0204/Carbon Fiber Bifunctional Electrocatalyst and

Poly(acrylic Acid) (PAA) Polymer Electrolyte” Batteries and Supercaps., 2022.

7.1 Introduction

Development of new and sustainable energy storage devices has become crucial as the world
moves towards clean and sustainable energy. Rechargeable (secondary), zinc-air batteries
(ZABs) have shown promising battery performance for use as alternative energy storage devices
to traditional batteries like Li-ion batteries. [1] Furthermore, ZABs are cost effective devices that
benefit from safe operation and high energy density. [2] The main components of a ZAB cell are
a metallic Zn electrode, an alkaline electrolyte, a separator, and an air electrode; the air electrode
is often carbon based and contains electrocatalysts. [3,4] The name air electrode is taken from
the air reactions that take place at this electrode. The oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) occur at the air electrode during discharge and charge,
respectively. [5] These reactions suffer from poor kinetics which results in problems like low
battery voltage efficiency and poor cycling behavior. [6] This necessitates the use of effective

electrocatalysts to improve the battery performance. [7]

157



Many effective electrocatalysts for use in ZABs have been developed. Transition metal oxides
(TMOs), carbonaceous materials like graphite and carbon nanotubes, and precious metals like Pt,
Ir and Ru are the most important materials that have shown promising catalytic behavior towards
ORR and/or OER. [8—14] The cost, scarcity, and instability (in terms of battery cycling
performance) of precious metals have made their widespread use in ZABs impractical. [15]
Although TMOs have proven to be active towards ORR/OER, their insulating nature is an issue
for energy storage devices. Carbon-based materials are used as conductive substrates for TMOs

to improve charge transfer and conductivity issues. [5,10,14,16—18]

Carbon fibers have been shown to be excellent candidates for use in energy storage devices; they
can be used as the conductive substrate for TMOs. Carbon fibers can be synthesized from
various precursors like food scraps, polyaniline (PANI), and asphaltene. Asphaltene is viscous
and high carbon content by-product of the oil sands industry with significantly more supply than
demand. Melt-spinning can be employed to prepare micron-scale carbon fibers from asphaltene.

[5,17,19-21]

In previous work by some of the authors, low-cost micron-scale carbon fibers were used as the
air electrode material/electrocatalyst in ZABs with aqueous electrolytes. Spinel type MnCo0204
coated on asphaltene derived carbon fibers (MnCo0204/CF) was synthesized and homemade air
electrodes were prepared using MnCo204/CF. The performance of the synthesized
MnCo204/CF as the air electrode material in aqueous ZABs at room temperature was quite good

in terms of battery efficiency and cycling stability. [5]

The design of the air electrode and the electrolyte are important parameters in addition to the
electrocatalyst used, affecting the battery performance. [5,22] The air electrode has to be porous

and the electrocatalyst needs to be well dispersed throughout the air electrode to allow for
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efficient oxygen penetration and adsorption during discharge. If the electrocatalyst used is not
bifunctional (active towards both ORR and OER), two different electrocatalysts or two separate
air electrodes could be used. [23] Aqueous and gel polymer electrolytes are often used in ZABs.
Cell leakage, evaporation, and flooding are the main issues when using aqueous electrolytes.
[24-26] Hydrogels are a category of gel polymer electrolytes that are capable of absorbing a
significant amount of water without dissolving. Previous work has shown that when all the other
components are the same, the use of a hydrogel electrolyte can lead to higher power densities
and better battery performance. This was attributed to the higher viscosity of the hydrogel
electrolyte compared with aqueous electrolytes, which resulted in less clogging of porosity and

larger electrocatalyst/air/electrolyte contact area. [27]

The purpose of this work is to study the all solid state battery performance, at sub-zero
temperatures, of ZABs made with MnCo,04/CF as the air electrode material and alkaline

poly(acrylic acid) hydrogel electrolyte.

7.2 Experimental

7.2.1 Bifunctional Electrocatalyst Synthesis

Asphaltene based carbon fibers were synthesized via the procedure reported in the recent
literature. [171,175] The fibers were then coated with MnCo0,04 (MnCo0,04/CF) using a
previously developed process and the coated fibers were used as the air electrode material in this
work. [12] In summary, asphaltene derived fibers were carbonized at 1500 °C and then soaked in
~20 ml of 28 wt% NH4OH for 10 min followed by a 5 h sonication step to coat the fibers with
MnCo,04. The sonication solution contained 30 ml of reagent alcohol, 100 mg of NaOH, 166.67
mg of Mn(II) acetate (Mn(Ac)> or C4HsMnOs), and 333.33 mg of Co(Il) acetate (Co(Ac)2 or

C4HeC004). MnCo204/CF was dried in a vacuum oven at 60 °C for 12 h after the sonication step.
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The homemade air electrodes were prepared by pasting a mixture of 90 wt% MnCo204/CF, 5

wt% polytetrafluoroethylene (PTFE), and 5 wt% carbon black onto hydrophobic carbon paper
(Fuel Cell Store: Toray Paper 060-TGP-H-060). The purpose of using the commercial carbon
paper was to provide structural support for the electrocatalyst layer. The mass loading of

MnCo0204/CF on the carbon paper was ~10 mg cm™.

A mixture of 30 wt% Pt and 15 wt% RuO; combined with carbon black, purchased from Alfa
Aesar, was used to prepare electrodes with the ORR/OER benchmark electrocatalyst (Pt/RuQO2)
for electrochemical performance comparison with MnCo,04/CF. A spray coating suspension,
containing 50 mg of Pt-RuO; powder, 2 ml of deionized water, 0.1 ml of Nafion 5 wt%, and 1 ml
of ethanol was prepared by sonicating the suspension for 30 min. The suspension was then spray

coated on the same carbon paper with a mass loading of ~1 mg cm™.

A 30 min annealing step at 350 °C in a Lindberg/Blue M™ Moldatherm™ box furnace was

employed for all prepared electrodes.

7.2.2 Electrolyte Synthesis

Poly(acrylic acid) (PAA) was used as the host polymer for the solid state electrolyte. To prepare
the alkaline hydrogel electrolytes, 6.5 M KOH, 0.5 M acrylic acid, 0.2 M ZnO, 30 mM N,N’-
methylenebis(acrylamide) (MBAA), and 1.5 mM potassium persulfate (K2S>0g (KPS)) were
mixed using a vortex mixer. MBAA and KPS were used as the crosslinker and the
polymerization reaction thermoinitiator, respectively. The polymer precursor solution was kept at
60 °C in a vacuum oven for 1 h to allow the polymerization reaction to complete. The final
hydrogel electrolyte was then cooled to room temperature overnight. KOH and ZnO were
purchased from Fisher Scientific and acrylic acid, MBAA, and KPS were purchased from

Sigma-Aldrich.
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7.2.3 Battery Testing Configuration

Half-cell tests were conducted and the results published in a previous study dealing with the
catalytic behavior of the electrocatalyst. [5] Zinc-air battery full cell testing was done by using
the prepared air electrode as the working electrode and a 1 cm x 3 cm Zn sheet as the counter
electrode. The synthesized PAA-KOH hydrogel was used as the electrolyte. A Ligfreezer Lo-
Temp Equipment DW-60W28 mini freezer was used for the low temperature battery tests. A
thermometer was used to calibrate the temperature of the freezer; at any temperature, the
temperature fluctuation was +£3 oC. Batteries were tested at room temperature (21 oC), 0 oC, -10
oC, -25 oC and -45 oC. The discharge/charge performance, battery efficiency, battery voltage,

cycling behavior, and power values were investigated using the full cell set-up.

7.2.4 Electrochemical Measurements
A Biologic VSP potentiostat was used to conduct the battery tests. Galvanostatic cycling with
potential limitation (GCPL) tests were employed to measure the battery charge/discharge voltage

at current densities of +2, +5, +10, and +20 mA cm™. The cut-off voltage for charge and

discharge was 3.0 and 0.5 V vs Zn/ZnO, respectively. Modular galvano (MG) tests with a current
density (j) range of -400 <j < 0 mA cm™ were used to measure the power output and the cell
voltage and to study the maximum reachable current density without failure. The charge and
discharge cut-off values were chosen as 3.0 and 0.5 V vs. Zn/ZnO, respectively. Battery failure
was defined as either the charge voltage exceeding the upper cut-off voltage or the discharge
voltage falling below the lower cut-off voltage. Electrochemical impedance spectroscopy (EIS)
was utilized to measure the electrolyte resistance to investigate the battery performance in terms
of diffusion of the charge carrier species. EIS tests for all samples were performed over a

frequency range from 500 kHz to 50 mHz with an alternating potential amplitude of 5 mV.
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7.2.5 Materials Characterization
Field emission scanning electron microscopy (FE-SEM) coupled with energy dispersive X-ray
(EDX) spectroscopy was used to study the microstructures and compositions of the pristine and

cycled electrodes (ZEISS Sigma 300 VP-FE-SEM).

7.3 Results and Discussion

Full cell battery charge/discharge tests at different current densities and temperatures for both
Pt/RuO; and MnCo,04/CF were conducted (Figure 7.1). It should be noted that the battery
performance of MnCo0204/CF at 21 °C and 0 °C completely overlap; i.e., there is no degradation
in performance when the temperature is decreased to 0 °C. For cells prepared with either Pt/RuO>
or MnCo204/CF, the performance of the battery degrades at all current densities as the
temperature is decreased (except for MnCo204/CF at 0 °C). The charge voltage increases and the
discharge voltage decreases, decreasing the battery efficiency. This is likely due to the reduced
mobility of the charge carriers and increased viscosity of the hydrogel electrolyte. [238,239]
Reduced mobility of the charge carriers, such as ions, leads to inefficient and reduced charge
transfer and battery performance. The increase in the viscosity of the hydrogel electrolyte also
negatively affects charge transfer efficiency and rate, which degrade the battery performance. As
the electrolyte becomes more viscous, charge transfer becomes more difficult. Charge carrier
mobility is further reduced as the electrolyte becomes more viscous. For example, the ZAB
efficiency for Pt/RuO> and MnCo0,04/CF at 10 mA cm™ at 0 °C are 56.2% and 55.8%,
respectively, and at -25 °C are 44.4% and 34.4%, respectively. Reduced electrochemical reaction
kinetics due to decreased mobility of charge transfer species and increased viscosity of the

electrolyte at subzero temperatures are the main reasons for performance degradation. As the
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mobility of the charge carrier species decreases, collisions between the molecules decrease as

well, leading to reduced reaction rates. [238]

Figure 7.1 also shows that the ZAB performance of MnCo204/CF at all temperatures and current
densities is superior to that of Pt/RuO;. As mentioned in the previous paragraph, the battery
voltages for MnCo,04/CF at 21 °C and 0 °C (curves in bright yellow and green in Figure 7.1(b))
completely overlap. MnCo204/CF is capable of charging/discharging without failure even at
current densities as high as 20 mA cm at all temperatures with the exception of -45 °C at 20 mA

cm™. At -45 °C, MnCo,04/CF can only perform at current densities = 10 mA cm™. The lowest

temperature at which Pt/RuQO; can fully charge/discharge is -10 °C. At -45 °C, Pt/RuQO> can only

be operated at current densities = 5 mA cm™. At -25 °C ,the battery fabricated with Pt/RuO; can

be discharged at all current densities, but the battery failed during the charging process at 20 mA
cm™. It can be concluded that the superior catalytic behavior of MnCo0,04/CF to Pt/RuQ> in
aqueous electrolytes and at room temperature, that has been reported previously, is retained in
gel polymer electrolytes and even at low temperatures. [12] Table 7.1 summarizes the charge and
discharge voltages (E) shown in Figure 7.1 and Table 7.2 shows the efficiency and voltage gaps

at current densities of 10 and 20 mA cm™.
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Figure 7.1. (a) Full cell charge/discharge battery test results at a range of current densities and

temperatures and (b) expanded view of full-cell test results for MnCo0,04/CF.

Table 7.1. Battery full cell charge and discharge voltages for MnCo,0O,/CF and Pt/RuO, at

current densities of 10 and 20 mA cm™

Sample MnCo,0,/CF Pt/RuO,

Temperature j=10mA cm'2 j=20mA cm_z j=10mA cm_2 j=20mA cm—2

Charge Discharge Charge E Discharge Charge E Discharge Charge E Discharge

E(V)  E() V) E (V) V) E (V) V) E (V)
Room T 1.98 1.25 2.03 1.21 2.04 1.25 2.15 1.18
0’C 2.10 1.18 2.20 1.11 2.15 1.20 2.38 1.13
-10°C 2.15 1.14 2.23 1.06 2.57 1.10 2.83 0.99
25°C 2.34 1.04 2.81 0.92 2.62 0.90 Exceeded 0.63
cut-off
45°C 2.67 0.77 Exceeded Exceeded Exceeded Exceeded Exceeded Exceeded

cut-off cut-off cut-off cut-off cut-off cut-off
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Table 7.2. Battery full cell efficiencies and voltage gaps for MnCo,0,/CF and Pt/RuO, at current

densities of 10 and 20 mA cm™

Sample MnCo,0 /CF Pt/RuO,

Temperature j=10mA cm” j=20mA cm” j=10mA cm” J=20mA cm”

Voltage Efficiency Voltage Efficiency Voltage Efficiency Voltage Efficiency

gap (V) (%) gap (V) (%) gap (V) (%) gap (V) (%)

Room T 0.73 63.1 0.82 59.6 0.79 61.3 0.97 54.9
0°C 0.92 56.2 1.09 50.5 0.95 55.8 1.25 47.5
-10°C 1.01 53.0 1.17 47.5 1.47 42.8 1.84 35.0
25°C 1.3 44.4 1.89 32.7 1.72 34.4 Failed Failed
45°C 1.9 28.8 Failed Failed Failed Failed Failed Failed

Nyquist plots obtained from the solid state batteries made with MnCo,O,/CF and the PAA-KOH

hydrogel electrolyte are presented in Figure 7.2. Figure 7.2(a) represents the EIS test results at all
temperatures, while Figure 7.2(b) and 2(c) show expanded EIS plots at 21 °C and -45 °C,
respectively. The solution resistance (Rs), which is determined from the first intercept of the plot

with the x axis, increases as the temperature decreases. For example, Rs for MnCo,0,/CF at 21

°Cis 1 Qand at -45 °C is 12 Q. The increase in solution resistance is due to the increase in
viscosity of the gel polymer electrolyte as the temperature decreases. Diffusion of charge carrier
species becomes less efficient as the viscosity of the electrolyte increases; this can negatively
affect the battery performance and efficiency. The charge transfer resistance (Rt) at the surface

of the air electrode also increases due the higher viscosity and lower temperature. The battery
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tested at ~21 °C has a typical EIS plot with a semicircle in the high frequency region which

enters the Warburg region (linear 45° line) as the frequency decreases. On the other hand, the

battery tested at -45 °C does not enter the Warburg region until very low frequencies.

Furthermore, the fact that the EIS plots move towards higher real portion values of the

impedance (Re (Z)) as the temperature decreases indicates that diffusion is a limiting factor that

degrades battery performance.

300 -
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g 200 T 25 o™
_ 0
Z 150 1 45
E 100 T ‘
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Figure 7.2. EIS test results for MnCo,0,/CF in PAA-KOH hydrogel electrolyte at (a) different

temperatures, (b) at room temperature, and (c) at -45 °C.

The battery charge/discharge cycling behavior for MnCo,0O,/CF and Pt/RuO; at room

temperature and lower temperatures are presented in Figure 7.3 and Figure 7.4, respectively.

Cycling tests at room temperature were conducted at a current density of 10 mA cm™, while 2

mA cm? was used for cycling tests at lower temperatures. For all temperatures, a cycling test

included 10 min of discharge, 5 min of rest, and 10 min of charge followed by another 5 min of

rest. Each cycling test had a duration of 100 h which is equal to 200 cycles.

At room temperature (Figure 7.3), MnCo,0O,/CF in the PAA-KOH hydrogel electrolyte battery

has stable charge/discharge cycling behavior, while Pt/RuQO> in the PAA-KOH hydrogel
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E/Vvs. Zn/ZnO

electrolyte battery is unstable. The initial charge and discharge voltages for MnCo,0,/CF are

2.01 and 1.22 V vs. Zn/ZnO, respectively, which degrade to 2.16 and 1.12 V vs. Zn/ZnO,
respectively, after 200 cycles. The initial and final battery efficiencies for this cell are 60.7% and
51.8%. The initial battery efficiency of the cell made with Pt/RuO; is 55.8% with 2.06 and 1.15
V vs. Zn/ZnO as the initial charge and discharge voltages, respectively. However, the discharge
voltage of this battery reaches the cut-off voltage after ~70 cycles which causes cell failure. Due
to poor battery performance of Pt/RuO> at room temperature, the cycling behavior of this cell

was not investigated at lower temperatures.

MnCo,0,/CF-10 mA ¢cm™ Pt/RuQ,-10 mA cm
21 °C 21 °C

3.0

(@)

2.5

E/V vs. Zn/Zn0O

200 0 50 100 150 200

0 50 100 150
Cycle number

Cycle number

Figure 7.3. Cycling behavior of (a) MnCo,O,/CF and (b) Pt/RuO> in PAA-KOH hydrogel

electrolyte at room temperature at 10 mA cm™.

For low temperature cycling (Figure 7.4), 2 mA cm™ was chosen as the cycling current density in
order to compare the results with the recent literature. Table 7.3 summarizes the voltage and
efficiency values obtained from the cycling tests. Figure 7.4 and Table 7.3 indicate that battery
performance degrades and battery efficiency is reduced as the temperature is decreased. For

example, the initial battery efficiencies at 0, -10, -25 and -45 °C are 64.3%, 59.3%, 53.3%, and
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45.2%, respectively. The performance degradation with decreasing temperature is a result of the
reduced diffusion rate and reaction rate (due to reduced collisions between molecules) of the
charge carrier species which lead to reduced electrochemical reaction kinetics and the increase in
the viscosity of the electrolyte at subzero temperatures, as discussed previously. Even though
lower temperatures negatively affect battery performance, the solid state battery made with
MnCo,0O,/CF in the PAA-KOH hydrogel electrolyte successfully completed 200 cycles even at -
45 °C. The battery cycling performance is quite stable at temperatures as low as -25 °C, where
the initial and final efficiencies are 53.3% and 49.1%, respectively. The periodic fluctuations in
the charge and discharge voltages that are most pronounced at -45 °C are due to the temperature

fluctuations (43 °C) inside the freezer that were explained in section 7.2.3.
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Figure 7.4. Cycling test results for MnCo,0O,/CF in PAA-KOH hydrogel electrolyte at (a) and (b)

0 °C, (c) and (d) -10 °C, (e) and (f) -25 °C, and (g) and (h) -45 °C.
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Table 7.3. Initial and final battery voltages and efficiencies obtained from the cycling tests at low

temperatures

Initial Final

Temperature =~ Charge  Discharge  Efficiency @ Charge  Discharge  Efficiency

E(V)  E(V) )  E(NV)  EM) (%)

0°C 1.96 1.26 64.3 2.09 1.21 57.9
10°C 2.04 1.21 59.3 2.11 1.18 55.9
25°C 2.12 1.13 533 222 1.09 49.1
45°C 221 1.00 452 2.50 0.84 33.6

The power density and polarization curves for the battery prepared with MnCo0204/CF in the
PAA-KOH hydrogel electrolyte are presented in Figure 7.5. The maximum power output at room

temperature is ~240 mW cm (Figure 7.5(a)). This value decreases to ~ 75 mW cm™ at 0 °C.

At first glance, these results appear to contradict the rate test results shown in Figure 7.1(b),
where the curves overlap for tests at both 21 °C and 0 °C. However, it should be noted that rate
testing was only done at current densities up to 20 mA cm™. If the power densities for the 21 °C
and 0 °C tests are compared for current densities less than 20 mA cm™, it is clear that the results
overlap. The power density curves diverge at current densities exceeding 20 mA cm™. At higher

current densities, the effect of viscosity becomes more apparent.

As the viscosity of the GPE increases, the reduced ion (OH" and Zn*") or dissolved gas (O2)
diffusion rate negatively affects battery performance. Recent work showed that the effect of

diffusion on battery performance is not significant at low current densities (e.g., j <5 mA cm™),
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since the charge/discharge rates are slow enough to provide enough time for the diffusing species
to move either towards or away from the air electrode. The effect of ion species diffusion
becomes more significant at higher current densities (e.g., 50 mA cm™) as the diffusion rates are
not fast enough to respond to the higher ORR/OER rates. As such battery performance degrades
at 0 °C at current densities greater than ~20 mA cm™. [240,241] At 0 °C, the maximum current
density applicable to the cell without causing failure is ~180 mA cm™ while at room temperature
the battery does fail even at 350 mA cm (Figure 7.5(a) and (b)). Furthermore, the battery
voltage drops more rapidly with increasing current density as the temperature decreases. For
example, the minimum battery voltage at room temperature is ~0.67 V vs. Zn/ZnO (at 350 mA
cm), while at 0 °C this voltage drops to ~0.28 V vs. Zn/ZnO (at 180 mA cm™, just before
failure) (Figure 7.5(b)). The degradation in power density and cell voltage as the temperature is
decreased is attributed to the increase in viscosity of the electrolyte which also reduces the
mobility of charge carriers as discussed previously. Table 7.4 summarizes the maximum power
densities and current densities. Even though the power density, maximum current density and
cell voltage decrease as the temperature is reduced, the battery performance is still superior to the

work reported in the recent literature (Table 7.5).
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Figure 7.5. (a) Power output and (b) discharge polarization curves for MnCo,0,/CF in the PAA-

KOH hydrogel electrolyte at different temperatures.

Table 7.4. Cell voltage, current density and power density values for MnCo,O,/CF in the PAA-

KOH hydrogel electrolyte at different temperatures

Temperature Max j (mA cm™?) Max power density (mW cm?)
Room T 350 240
0°C 180 75
10°C 150 50
25°C 70 25
45°C 30 12

Chen et al. employed a PAA-KOH based gel electrolyte and Pt/C and RuOs as the air electrode.

[30] The current density used for the cycling tests was 1 mA cm™ at 25 °C and -20 °C. The cells

were tested for 100 cycles and the initial and final efficiencies of the cells were 79% and 52%,

respectively, at 25 °C and 60% and 36%, respectively, at -20 °C. Furthermore, the maximum

power density of the cells at 25 °C and -20 °C were reported as 10 and 8 mW cm™, respectively.
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[242] In the recent work reported by Zhang et al., all solid state ZAB cells were prepared with
Pt/C-RuO:; as the air electrode material and sodium polyacrylate-KOH as the electrolyte. The
cells were tested at different temperatures of 25 °C and -20 °C. At 25 °C, the battery completed
86 cycles (29 h) at 1 mA cm with initial and final efficiencies of 65% and 63%, respectively.
The maximum power density at 25 °C was ~68 mW cm™. Reducing the temperature to -20 °C
negatively affected the maximum power density (20 mW cm) and efficiency; however, the
battery was able to complete 133 cycles (44 h). [243] Jiang et al. assembled all solid state ZAB
cells with Co304/RuQO; and poly(2-acrylamido-2-methylpropanesulfonic acid)/polyacrylamide
(PAMPS/PAAm) as the electrocatalyst and the electrolyte, respectively. [32] This battery was
able to complete 177 cycles (60 h) at 25 °C at a current density of 1 mA ¢cm™. The maximum
power densities at 0 °C and 25 °C were 43 mW cm™ and 57 mW cm?, respectively. [244] The
work by An et al. introduced an effective all solid state ZAB cell with NiC0204 as the
electrocatalyst and a PVA-KOH based gel electrolyte. The cell was successfully cycled for 33 h
at 25 °C and 15 h at -10 °C at I mA cm™. The power output of the battery at 25 °C was 151 mW
cm™%; no power density at -10 °C was reported. [245] It is noteworthy that the zinc-air batteries in
this work yielded superior results compared with those reported in the recent literature even
though harsher testing conditions were used in this work. Current densities used in this work for
full-cell and cycling tests are larger and the cycling durations are longer than most relevant

recent works (Table 7.5) while providing stable battery performance with high power densities.
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Table 7.5. Comparison of low temperature zinc-air battery performance from this work with the

recent literature

Electrocatalyst Temperature Current Number of cycles- Initial/final Maximum Ref.
Electrolyte density (mA total cycling duration efficiency (%) Power density
cm?) (mW cm)
MnCo,04/CF 21°C 10 200 cycles - 100 h 63/56 240 This
PAA-KOH work
MnCo,04/CF 0°C 2 200 cycles - 100 h 64/58 75 This
PAA-KOH work
MnCo,04/CF -25°C 2 200 cycles - 100 h 53/49 25 This
PAA-KOH work
Pt/C and RuO, -20°C 1 100 cycles — not 60/36 8 [242]
PAA-KOH provided
Pt/C and RuO, 25°C 1 100 cycles — not 79/52 10 [242]
PAA-KOH provided
Pt/C and RuO» -20 °C 1 133 cycles —44 h 61/50 20 [243]
Sodium
polyacrylate-
KOH
Pt/C and RuO» 25°C 1 86 cycles-29h 65/63 68 [243]
Sodium
polyacrylate-
KOH
Co0304/Ru0, 0°C 1 Scycles—1h 51/50 43 [244]
PAMPS-KOH
C0304/Ru0; 25°C 1 177 cycles —~ 60 h 76/57 57 [244]
PAMPS-KOH

174



NiCo0,04 -10°C 1 15h 55/50 Not provided [245]

PVA-KOH

NiCo,04 25°C 1 33h 55/47 151 [245]

PVA-KOH

In summary, superior performing, all solid state ZABs, relative to the recent literature, were
prepared with MnCo204/CF as the air electrode and a PAA-KOH based hydrogel electrolyte. The
better performance is attributed to the following: 1) The use of micron-scale carbon fibers in the
fabrication of the air electrode which provided porosity and voids that enhance the redox
reactions at the air electrode at all temperatures; 2) the use of cost effective carbon fibers as a
conductive substrate for MnCo,04 which improved charge transfer at the air electrode; and 3) the

optimized hydrogel electrolyte chemistry. [241]

Pristine and cycled air electrodes were characterized using a FE-SEM (Figure 7.6). Carbon fibers
in the pristine material are completely coated with MnCo204 particles. The EDX maps for Mn
and Co overlap completely which confirms mixed Mn-Co oxide formation (Figure 7.6(a)-(d)).
This behavior was established in a previous study. [12] SEM/EDX analysis shows that after 200
cycles (100 h) of testing at both 0 °C and -45 °C, MnCo,04 particles still coat the CFs in the
electrodes (Figure 7.6(e)-(1)). Figure 7.6(m) shows EDX spectra for the pristine and cycled
electrodes at -45 °C, taken from the entire image shown in Figure 7.6(a) and 6(i),. The presence
of K and Zn peaks for the cycled electrode is due to the zincate species and KOH in the
electrolyte, precipitated as ZnO and KOH, on the surface of the electrodes. However, Mn and Co

peaks are still visible after cycling at -45 °C for 100 h.
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Figure 7.6. SEM/EDX analysis of MnCo,04/CF electrodes. (a)-(d) pristine, (e)-(h) cycled at 0

°C, (1)-(1) cycled at -45 °C, and (m) EDX spectra from the electrodes.

7.4 Conclusions

All solid state zinc-air battery (ZAB) cells were prepared using an efficient MnCo204/carbon
fiber electrocatalyst and an alkaline poly(acrylic acid) (PAA) hydrogel electrolyte. The low
temperature battery performance was evaluated in terms of charge/discharge voltages and
efficiency, long term cycling stability, and power density. Battery tests were performed at room

temperature, 0 °C, -10 °C, -25 °C, and -45 °C, with voltage efficiencies of ~63%, 53% and 30%
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(10 mA cm) at room temperature, 0 °C and -45 °C, respectively. The performance was also
superior to cells using Pt/RuQ; as the air electrode catalyst. Long term cycling behavior was
evaluated at 2 mA cm at all test temperatures. The cells with MnCo204/carbon fiber air
electrodes successfully completed 200 cycles (100 h) at all temperatures, while batteries
prepared with Pt/RuO, failed after 70 cycles (35 h) at room temperature. The room and low
temperature battery performance of batteries with MnCo20O4/carbon fiber electrocatalysts was
superior to that reported in the recent literature in terms of the cycling life, efficiency, and power
output (~240 and 75 mW cm at room temperature and 0 °C, respectively), even though higher
current densities and lower temperatures were used in this work compared with the most recent
work. This study shows that the high performance of the prepared ZABs is due to the unique
design of the air electrode, which utilize micron-scale MnCo,04 coated carbon fibers that

provide voids and macroporosity for efficient air electrode reactions.
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Chapter 8: Conclusions and Future Work

8.1 Conclusions

In Summary, this work has reported the development of high performance electrode materials
and electrodes from asphaltene derived carbon fibers for use in energy storage devices.
Electrochemical double layer supercapacitors, pseudocapacitors and Zn-air batteries are the
devices that were investigated. The results have shown that asphaltene, as a by-product of oil
sands production, can be used for the electrode/electrocatalyst material in high performance
energy storage devices. Asphaltene derived activated carbon fibers were used as the electrode
material in electrochemical double layer supercapacitors with maximum specific capacitances of
310 F gl and 210 F g'! at 40 mA g'!' in aqueous and ionic liquid electrolytes, respectively. These
activated carbon fibers were then used as a conductive substrate for birnessite type MnO; as the
active material for pseudocapacitors, with stable performance that reached 328 F g'! at 40 mA g
!, Asphaltene derived carbon fibers were also used as the electrode material and the conductive
substrate for a MnCo,04 electrocatalyst coating for use as the air electrode in zinc-air batteries.
The battery performance was investigated in both aqueous and gel polymer electrolytes at room
temperature. In addition, batteries made with gel polymer electrolyte were tested in the
temperature range of 21 °C to -45 °C. This battery was able to successfully operate at all
temperatures with an efficient performance that outperformed the benchmark Pt/RuO»

electrocatalyst.

8.2 Future Work
e Due to the relatively large size of the carbon fibers, the porosity of the activated carbon
fibers could not be imaged using transmission electron microscopy (TEM). Focused ion
beam (FIB) techniques can be used to prepare thin activated carbon fiber samples for
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TEM to image the porosity in the carbon fibers. This can provide information as to
whether the porosity is only on the surface or evenly distributed throughout the fibers
(cross section imaging) and either confirm or refute the N> physisorption test results.
Investigation of Zn-oxygen batteries with the same efficient electrocatalyst is of interest
as it may be able to shed light on the reactions that the electrode material may undergo
during charge/discharge of Zn-air batteries. Replacement of air with oxygen can
eliminate carbonate formation at the air electrode and increase the discharge potential.
However, a new compatible battery cell needs to be developed for this application.
Accurately measuring the oxidation state of Mn and Co in the MnCO>04/CF
electrocatalyst could give insight into the identity of the mixed oxide. This could be done
using high intensity XPS spectra with sharp peaks and min background signal that can be
acquired, using a synchrotron.

In-situ X-ray characterization techniques like XPS and XRD, using a synchrotron, could
be performed on the electrodes in Zn-air batteries and pseudocapacitors, prepared in this
work, to further investigate the charge storage mechanism in pseudocapacitors and any
transformation of the electrocatalyst material in Zn-air batteries.

Perovskite oxides (e.g., LaMnOs;, LaCoOs and LaNiOs) have great potential as highly
active and stable bifunctional catalysts. The performance of the homemade Zn-air battery
air electrode made with asphaltene derived carbon fibers and perovskite oxides can be
investigated.

Incorporation of one or more additional transition metals into the birnessite type MnO-
could increase the specific capacitance, energy and power output for the pseudocapacitor

developed in this work. Ternary and higher order oxides containing Mn, Fe, Co and Ni
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have been demonstrated to enhance the pseudocapacitive performance. However, this

incorporation may affect the crystal structure (phase) of the birnessite.
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