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Abstract

It is well known that renewable energy, e.g., wind and solar power, are intermittent
energy sources. This means that energy storage devices are needed to store the energy for when
it is needed. Currently Li-ion batteries are used as these energy storage devices, not only for
alternative energy plants but in vehicles and electronics. There are several drawbacks with using
Li-ion batteries, such as low safety, harmful Li mining practices, and high material costs.
Rechargeable zinc-air batteries (ZABs) have gained a lot of traction recently due to their low
cost, high safety, low environmental impact, and high theoretical energy density. However, a
major obstacle is the sluggish oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) at the air electrode, which have hindered practical applications of ZABs. Precious metal
catalysts have been applied to help mitigate the slow reaction kinetics; however, these are
expensive and complicate manufacturing practices since two different precious metals are
needed to achieve a bifunctional catalyst. Therefore, a low-cost bifunctional catalyst is needed to
improve the slow reaction kinetics at the air electrode.

This work focuses on further investigating a previously developed impregnation
technique for air electrode preparation using an array of transition metal (Zn, Ni, Mn, and Co)
oxide combinations. Various electrochemical and microstructural characterization techniques,
e.g., linear sweep voltammetry, electrochemical impedance spectroscopy, electron microscopy,
and energy dispersive X-ray spectroscopy, are used to examine each sample.

The first study involved fabricating several catalysts by decorating nitrogen doped carbon
nanotubes (N-CNTs) with either tri-metallic (Ni-Mn-Co) or tetra-metallic (Zn-Ni-Mn-Co)
oxides, through a simple impregnation method into carbon-based, gas diffusion layers (GDL).

Metal oxide compositions were selected based on previous results, preliminary electrochemical
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testing, and statistical design of experiments (DOE). Microstructural characterization was done
using electron microscopy and X-ray photoelectron spectroscopy (XPS), and determined that the
oxides fabricated were spinel oxides. Samples were electrochemically tested and the best
candidates were subjected to full cell testing and bifunctional cycling for 200 charge/discharge
cycles at 10 mA/cm?. The overall bifunctional efficiency, after cycling, of the best
NiMnCoOx/N-CNT and ZnNiMnCoOx/N-CNT catalysts was 53.3% and 56.4%, respectively;
both outperformed Pt-Ru/C in both overall bifunctional efficiency (38%) and cycling stability.
The maximum power density of one of the tetra-metallic oxides exceeded that of Pt-Ru/C (110
mW/cm?) at 134 mW/cm?. The addition of Zn with Ni-Mn-Co oxide particles showed improved
cycling stability and overall bifunctional efficiency.

The second study investigated the effect of co-doping of carbon nanotubes with nitrogen
and sulfur (N,S-CNTs), combined with tri-metallic and tetra-metallic oxides, on the ORR and
OER reaction kinetics at the air electrode. The best tri-metallic (Ni-Mn-Co) oxide and tetra-
metallic (Zn-Ni-Mn-Co) oxide from the first study were used in this investigation.
Microstructural characterization analysis revealed that the Co and Mn valences increased for the
Ni-Mn-Co and Zn-Ni-Mn-Co oxides, respectively. Electrochemical testing revealed that the Ni-
Mn-Co oxide was comparable to the Pt-Ru/C catalyst with a power density of ~95 mW/cm? and
Zn-Ni-Mn-Co oxide was comparable to the Pt-Ru/C catalyst with an efficiency of 56.0% at 20
mA/cm?. The addition of sulfur to the N-CNTs positively impacted the Ni-Mn-Co oxide, leading
to a round trip bifunctional cycling efficiency of 55.1% for 200 charge-discharge cycles at 10
mA/cm?. The impact of sulfur did not have a positive impact on the Zn-Ni-Mn-Co oxide; the

LSV results were significantly worse than the equivalent oxide on N-CNTs and the full cell
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testing was comparable to the N-CNT oxide. Both tri-metallic and tetra-metallic oxides

outperformed Pt-Ru/C during bifunctional cycling.

v



Preface

This thesis focuses on the synthesis, characterization, and electrochemical testing of air
electrodes impregnated with transition metal oxides decorating heteroatom doped carbon
nanotubes for rechargeable zinc-air batteries. The research presented in Chapter 3 and Chapter 4,
along with the Supporting Information is my original work.

Chapter 3 and Chapter 4 summarizes work done in collaboration with Zahra Abedi (PhD
student) in our group. Zahra performed some of the SEM analysis (Chapter 3 and Chapter 4),
some TEM analysis (Chapter 4), and contributed to discussions about characterization. Dr.
Leistenschneider and Lisa Brandt performed CHNS analysis (Chapter 4). Dr. Anqgiang He
provided expertise in XPS analysis (Chapter 3). Composition optimization, electrode
preparation, electrochemical testing, and some of the SEM analysis were conducted by myself.
Manuscript preparation was accomplished with the help of Dr. Douglas Ivey. Additionally, Dr.
Ivey performed TEM analysis and provided insight into other characterization analyses.

A version of Chapter 3 has been submitted to the Journal of Applied Electrochemistry (July
2021).
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1.0. Introduction

Renewable energy sources (e.g., wind turbines and solar panels) are becoming more
relevant in today’s society as a way of becoming more environmentally friendly. Unlike non-
renewable energy (e.g., oil, coal, and natural gas), renewable energy sources only supply
intermittent energy. This causes a need for energy storage materials that can reliably supply
power needed during peak hours. Typically Li-ion batteries are used commercially. However,
Li-ion batteries have issues with high cost, high environmental impacts, and safety concerns [1],
[2]. Recently, metal-air batteries have been gaining traction as they have high energy density
since air is not stored inside the battery casing. Figure 1-1 shows various metal-air batteries and
their specific energies, volumetric energy densities, and nominal cell voltages. Although Li-air
has the highest theoretical specific energy (5928 Wh/kg), Li is unstable when exposed to air [1].
Mg and Al have the second highest theoretical specific energies; however, they have low
reduction potentials which can lead to fast self-discharge and poor charging efficiencies [1]. Zn-
air batteries (ZABs) have gained traction because of their high theoretical energy density (1218
Wh/kg — 1353 Wh/kg), good stability in alkaline environments, high safety and environmentally
friendly nature, and low cost [1], [3], [4], [S]-
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for various metal-air batteries [1].

Zn-air batteries consist of a Zn-metal anode, a gas diffusion layer (GDL) as the air
electrode, and an electrolyte. Thus far, primary Zn-air batteries have been used in hearing aids,
watches, and other small device applications [1]. Rechargeable (secondary) Zn-air batteries are
a more suitable battery storage technology, since oxygen is continually accessible. However,
secondary Zn-air batteries suffer from slow reaction kinetics at the air electrode; i.e., the oxygen
reduction and oxygen evolution reactions (ORR and OER), respectively. The inefficiencies at
the air electrode decrease the potential from the theoretical value of 1.65 V to an operational
value of ~1.4 V [6], [7], [8]. Typically catalyst materials, e.g., Pt, Ru, and Ir, are added to the
GDL to improve the performance of the cell [6]. There are drawbacks to using precious metals
as catalyst materials; these include high cost, short lifetime (unstable), and material scarcity.
Other catalyst materials, like transition metals and transition metal oxides, have become more
popular alternatives as they are less corrosive than pure carbon and are able to achieve similar
catalytic activity to precious metals [6]. Transition metals and their oxides have poor
conductivity and tend to be unstable. Nanosizing and combining the materials with carbon
materials are approaches that can be taken to mitigate the problems. Despite great advances in

creating suitable bifunctional catalysts for the air electrode in Zn-air batteries, further



development of scalable, high-efficiency catalysts is still needed to commercialize rechargeable
Zn-air batteries.

This thesis is divided into several chapters. Chapter 2 provides a literature review on
ZABs, focusing on cathode materials, microstructural characterization techniques, and
electrochemical performance techniques. Chapter 3 investigates different transition metal oxide
compositions, combined with N-doped carbon nanotubes (N-CNTs), using the impregnation
technique for electrode preparation. Chapter 4 explores the effect that nitrogen and sulfur co-
doped carbon nanotubes (N, S-CNTs) have on electrochemical performance when paired with
the transition metal oxide catalysts. To conclude the thesis, Chapter 5 will provide a summary of
research from each study as well as different paths for future work regarding cathode materials

for ZABs.



2.0. Literature Review

2.1. Zinc Air Batteries

ZABs follow the standard battery set up by having four main elements; anode, cathode,
separator, and electrolyte. Figure 2-1 shows the typical structure of a rechargeable zinc-air
battery and the reactions that take place at each electrode. The anode is Zn metal, the cathode
commonly consists of a combination of a catalyst with porous carbon paper which acts as the gas
diffusion layer (GDL) to allow for constant supply of air (oxygen), and the electrolyte is usually
an aqueous potassium hydroxide solution and is present around the Zn and GDL [2], [4], [9].
Each component will be discussed in further detail in the following sections.

During discharge the Zn metal at the anode is oxidized into zincate ions (Zn(OH)4+>),
which then dissolve and precipitate into ZnO. These are the forward reactions in Equation 2-1
and 2-2 [2], [7]. This reaction frees electrons needed to produce OH" ions at the air electrode,
which is the forward reaction of Equation 2-3 [2], [7]. Oxygen is able to diffuse through the
GDL due to the pressure difference between the inside and outside of the cell [7]. To charge the

cell, the backward or reverse reactions that occur during discharge take place.

0, H,0(g) CO, N,

| |—

H,0+10,+2e +—20H"

gas filled area

gas diffusion layer} air
catalyst layer ) electrode

separator

' FEE AN N NN NN NN NN .
zinc electrode

housing

In+40H ™ «— Zn(OH); + 2e~
Zn(OH)?™ == Zn0 + H,0 +20H ~

Figure 2-1 Typical Zn-air battery components and reactions [4].



Anode: Zn+40H™ - Zn(0OH)3™ + 2e~ Equation 2-1
Zn(OH)3™ — Zn0O + H,0 + 20H™ Equation 2-2

Cathode: 0, +4e” +2H,0 - 40H™ Equation 2-3

2.1.1. Electrodes
The key reactions behind ZABs are redox reactions, which in this case are between
oxygen and zinc. Based off this principle there is a zinc electrode (anode) and an oxygen (air)
electrode (cathode). The theoretical potential of ZABs is approximately 1.65 V, but they are
usually operated between 1.2 V and 1.4 V [2], [6], [7], [8]. The voltage drop that occurs during
cycling of the battery is due to different problems at each electrode. These losses are caused by

slow kinetics, ionic resistance in the electrolyte, and electronic resistance in the electrodes [2],

[71, [10].

Zinc Electrode

The zinc electrode is used in either metal plate or particle form. When used as particles, a
paste is usually formed [4], [9]. As previously mentioned, there are losses that occur at each
electrode that reduce the potential. The over-potential losses occur due to dendrite growth, shape
change, passivation, and hydrogen evolution [1], [9].

Dendrite growth is a serious problem as the dendrites can detach during charging and
create a short circuit by coming into contact with the air electrode [1], [11]. Dendrite formation is
caused by saturated Zn(OH)42 accumulating near the surface of the electrode and then after
several cycles a dendritic zinc layer forms [11]. Shape change occurs due to the redistribution of
zinc, which causes densification of the electrode and loss of battery capacity [9]. Studies have
found that shape change occurs due to uneven current distribution, reaction zones, and
convective flow from electro-osmotic forces within the battery [1]. Passivation occurs due to
zincate (ZnO) powder, formed according to Equation 2-2, covering the surface of the zinc
electrode and acting as an insulator [9]. These insulating properties decrease the conductivity and
block the activation sites [11]. The hydrogen evolution reaction (HER) is an unwanted side

reaction that occurs at the zinc electrode. It has been found that zinc will corrode when in contact



with aqueous solutions which are commonly used as the electrolyte for ZABs [9]. HER is
detrimental in ZABs because it can consume zinc and form hydrogen gas [4], [9]. If zinc is
consumed there is less active material for the reactions. The production of hydrogen gas can
expand the battery device causing unwanted changes in the battery and eventually cause failure
[4].

Several studies have been conducted into alleviating these problems with the zinc
electrode. Increasing the surface area of the zinc electrode has been shown to decrease the
growth of dendrites, minimize shape change of the zinc, and prevent passivation [9]. Adding

additives to the electrolyte and to the electrode are able to minimize HER [9].

Air Electrode

The reaction that occurs at the air electrode is given by Equation 2-3. This reaction
enables ZABs to be rechargeable, by either consuming oxygen (discharge) through the oxygen
reduction reaction (ORR) or by producing oxygen (charge) through the oxygen evolution
reaction (OER) [2], [4], [7], [9]. There are two possible reactions that can occur at the air
electrode during the ORR; one involves several steps and the transfer of two electrons per
reaction, and the other is a direct reaction involving four electrons transferred. Equations 2-4 to
2-9 show different pathways that occur during ORR 1n alkaline and acidic solutions. The two-
electron pathway (Equation 2-5, Equation 2-6, Equation 2-8, and Equation 2-9) results in
peroxide being produced, which is harmful to the battery as it is corrosive and decreases the
stability [2], [7]. The four-electron transfer reaction (Equation 2-4 and Equation 2-7) is more
direct, leading to higher energy efficiency [2], [7]. This direct pathway is the reaction that is
most likely occurring in ZABs and is the most desirable [2], [4], [9].



Alkaline Aqueous Solution 0, + H,0 + 4e~ - 40H~ Equation 2-4

0, + H,0 +2e~ - HO; + OH™ Equation 2-5

HO; + H,0 + 2e~ - 30H™ Equation 2-6
Acidic Aqueous Solution 0, + 4H* + 4e~ - H,0 Equation 2-7
0, +2H*" + 2e~ - H,0, Equation 2-8
H,0, + 2H* + 2e~ - 2H,0 Equation 2-9

There are two common OER pathways that occur in an alkaline electrolyte. Both
pathways start with the OH™ ions going to the active sites [7]. The first pathway is given by
Equations 2-10 to 2-12, where the M — Oaq4s intermediates produce Oz [2], [7]. The other pathway
follows Equations 2-10 to 2-11, and 2-13 to 2-14, where M — Oags reacts with the hydroxide ions
to create an M-OOHDo, a5 intermediate that reacts further with OH™ to produce oxygen [2], [7], [6].

M+ OH™ > M — OHgys + e~ Equation 2-10
M — OHgys + OH™ > M — Ogqs + H,0 + €7 Equation 2-11
M — 0445 + M — Oghqs = 2M + 0, Equation 2-12
M — Oyqs + OH™ - M-OOH 45 + €~ Equation 2-13
M-OOH,;+ OH™ - M + 0, + H,0 + e~ Equation 2-14

The air electrode consists of a gas diffusion layer (GDL), a catalyst layer (CL), and a
current collector [2]. The GDL is typically made up of a porous carbon material (carbon paper)
combined with a hydrophobic coating, typically polytetrafluoroethylene (PTFE). PTFE is added
to the GDL to prevent flooding, allowing air into the cell and blocking water from exiting the
cell [4], [8], [9]. GDL has two layers; the microporous layer and the macroporous layer. The
microporous layer is the side that is facing the electrolyte when placed in the battery. This side is

also the side on which catalyst material is deposited. There are several techniques for applying



the catalyst to the GDL; the main ones are spray coating, impregnation, and electrodeposition.
These methods are further discussed in Section 2.2. Metal meshes are commonly used as the
current collectors in ZABs. This is because the metal mesh has pores that allow for ion transport
(good conductivity) and mass transport [9]. It is important to have porous materials to increase
the number of active sites, since the reaction at the air electrode occurs at what is called the three
phase boundary. This is the region where the catalyst, air, and electrolyte are all in contact with
one another [2], [9]. Nickel foam is a common current collector used in ZABs, since it has a high
surface area which improves the kinetics of the reactions at the air electrode [1], [12].

There are several issues associated with the air electrode, like slow reaction kinetics
(ORR/OER), unstable cycling, and flooding [12]. Before rechargeable ZABs can be
commercialized and scaled up, these issues need to be resolved. Electrocatalysts have the ability
to increase reaction kinetics and stabilize the battery while cycling [12]. Precious metal catalysts,
like Pt/Ru, have been used in small scale applications; however, these are costly materials and
have poor cycling stability [2]. Recently, transition metals and their oxides have been
investigated among other cost effective materials as electrocatalysts for ZABs. These are further

discussed in Section 2.1.4.

2.1.2. Separators

Separators, sometimes called membranes, are commonly used in batteries in order to
prevent the two electrodes from coming into contact with one another, resulting in a short circuit,
while still allowing ion transportation to occur [4], [9], [13], [14]. In ZABs, separators are
specifically used to prevent the growth of zinc dendrites and to control the ionic species that are
transported between the two electrodes [13]. The ionic species that should be transported
between the two electrodes are the OH™ ions [14]. If the Zn?" ions reach the air electrode, the
capacity of the battery decreases due to polarization of the air electrode [9], [13]. Separators need
to be porous and thin to ensure the hydroxide ions can be sufficiently transported [9]. There are
different classes of separators, i.e., porous membranes and polymer electrolyte membranes [14].
Porous membranes are defined as a solid material with a defined pore size (0.2 nm to 20 pm)
[14]. Polymer electrolytes, usually made from polyethylene (PE), polyvinyl alcohol (PVA),
polyolefin (PO), and polypropylene (PP), use solution-diffusion mechanisms to exclude

unwanted ion transport [9], [13], [14]. An acceptable separator material must have the following



properties: appropriate pore size, high ionic conductivity, high stability and adsorption capacity,
and high electronic resistivity [13]. Celgard® 5550 is commonly used as a separator material
because the structure allows for fast electrolyte wetting [13]. However, the ability for Zn>" ions
to pass through to the air electrode is still significant. Anion exchange membranes are a possible
solution to polarization of the air electrode, since they are more selective to ion transport [13].
For example, when Celgard® 5550 is coated with an ionic liquid the pore size is decreased

limiting the transport of Zn*" ions to the air electrode [13].

2.1.3. Electrolytes
The purpose of the electrolyte is to ensure the transport of ions between both electrodes.
Electrolytes have different media in which they can be used; solid, gel, and liquid. The most
common form of electrolyte used in ZABs is liquid/aqueous. Important qualities for an
electrolyte are good ionic conductivity and no electronic conductivity as the latter can cause the

cell to short circuit [15].

Alkaline Electrolytes

Alkaline electrolytes are typically aqueous electrolytes and are most commonly used in
ZABs. Alkaline electrolytes are favoured over neutral and acidic electrolytes because they
increase the reaction kinetics at the air electrode, provide better zinc-corrosion protection, and
are compatible with a variety of electrocatalyst materials [1]. For ZABs, a 6 M KOH-solution is
used instead of NaOH because it has a higher ionic conductivity (30 wt% KOH at 620 mS/cm vs.
NaOH at 200 mS/cm), lower viscosity, and has a higher solubility for carbonate precipitates
(e.g., KoCO3z and KHCO3) [4], [6], [9]. Since CO» is present in the air, alkaline electrolytes easily
form carbonates. Carbonates are detrimental to the life span of the battery as they increase
polarization and deposit within the pores of the air electrode [1], [9]. One approach to prevent
carbonate formation in the pores of the air electrode is to use a flow cell configuration.
Electrolyte is allowed to flow over the electrode thereby removing any buildup of carbonates on
the surface [1]. Water evaporation from the alkaline electrolyte is another problem during long
term cycling of ZABs [1]. Additionally, altering the electrolyte composition with additives can

hinder dendrite formation at the zinc electrode [1].



Gel Polymer Electrolytes (GPEs)

Gel polymer electrolytes (GPEs) contain the aqueous solution within the polymer [16].
There are several advantages to using GPEs over traditional aqueous electrolytes. Flooding and
leaking do not occur, dendrite formation at the zinc electrode is decreased, and the formation of
carbonates on the air electrode is reduced [16]. GPEs are safe, flexible, and can possess other
advantageous properties, making them attractive for a variety of applications. Adding zinc
compounds, like ZnO or ZnCl,, to the GPEs with KOH helps decrease the amount of corrosion.
It is important to note that if too much ZnO is added, the conductivity of the electrolyte will
decrease and passivation can occur earlier [16]. A problem with using GPEs is that there may be

poor contact between the electrodes and the electrolytic ions, which decreases cell performance

[1].

lonic Liquids (ILs)

Ionic liquids are composed of salts that have low melting points (< 100 °C). These are
called room temperature ionic liquids (RTILs), the majority of which have organic cations [1],
[17]. Some advantages of RTILs as electrolytes include high thermal stability, non-toxicity, non-
flammability, and a tendency to avoid water evaporation and corrosion [1], [3], [17].
Additionally, since several cation/anion combinations are available, the properties of the
electrolytes are tunable [17]. Traditionally, RTILs have low conductivity and high viscosity [1],
[17]. However, due to their high viscosity, the transport rate of hydroxide ions is very slow [3],
[1], [17]. When RTILs are used in metal-air batteries, the air changes the electrochemical
behaviour of the electrolyte causing an increase in conductivity and a decrease in the viscosity
[18]. Since RTILs have high thermal stability, ZABs using RTILs could operate at much higher

temperatures and increase the reaction kinetics by lowering the thermodynamic barrier [1].

2.1.4. Catalysts
Bifunctional catalysts are needed to help increase the stability and reaction kinetics at the
air electrode for both discharge and charge of ZABs [1], [2], [7], [19]. As previously discussed
there are two pathways for electron transfer during ORR; two electron transfer and four electron
transfer (Equations 2-4 to 2-9) [1], [2], [7]. Four electron transfer is preferred for ORR because

there is no peroxide produced which can cause a reduction in catalyst efficiency by poisoning the
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catalyst and carbon supports because of its high oxidizability [1]. The reverse of the four electron
transfer equation is preferred for OER [2].

Several characteristics need to be considered for an effective bifunctional catalyst. These
include catalytic activity, conductivity, selectivity, stability, cost, and environmental impacts
[2], [7]. For a material to be considered as having good catalytic activity it needs to increase the
number of active sites and reduce ionic and charge-transfer resistances [1]. Heteroatom doping
(N, S, P, B) has the ability to change the electronic structure which can improve the catalytic
activity [2], [7]. Selectivity is needed to prioritize the production of OH™ ions vs. peroxide ions,
so that during ORR four elections are transferred. CO, consumption should be limited during
OER as well [1]. Figure 2-2 shows the different factors that can be changed to impact the
characteristics of the oxygen electrocatalysts in rechargeable ZABs. Precious metals have been
used in small scale applications in primary ZABs. In order to scale up ZABs for a range of
applications, cheaper, more stable, and more efficient bifunctional catalysts are needed.
Transition metals and their oxides, as well as heteroatom doped carbon materials, have become

increasingly popular in research. These materials will be further explored in this section.
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2.1.4.1. Precious Metals and Alloys

Precious metal catalysts have been used in several applications to increase reaction
kinetics in batteries and fuel cells. Pt metal is advantageous for ZAB applications since it has
high catalytic activity in alkaline media [9]. Precious metal catalysts when using alkaline
electrolyte will follow the four electron transfer path during ORR [1]. Pt is the best noble metal
for promoting ORR activity and is most commonly used in commercial applications. Therefore,
Pt is used as a benchmark for new ORR catalyst performance testing [1], [2], [7], [9], [13]. [rO2
and RuO are the best precious metal oxides for promoting OER catalytic activity[1], [2], [7],
[9], [13], [20]. Ir oxides have poorer catalytic activity than Ru oxides, but have better stability
during operation [9]. With this in mind, RuO: is regularly used as the benchmark when
comparing new OER catalysts. Bifunctional catalysts are needed for improving ZABs to simplify
the manufacturing process. The precious metal catalysts are not bifunctional, so two precious
metal-based catalysts are combined for both ORR and OER. Using two precious metals not only
increases the cost of the battery, but also complicates the fabrication process since the material
compatibility between Pt/C and IrO»/C or RuO»/C is low [1], [2], [13]. Noble metal catalysts do
not meet the durability requirements for ZABs and the synthesis method for manufacturing the
catalysts greatly affects their activity [1], [9].

The cost of precious metal catalysts can be decreased by using nanoparticles of the metals
[9]. The surface area will be increased, which will have a positive impact on the catalytic
activity, so that less material is required [9]. An obstacle with using nanoparticle precious
metals is that the stability and the lifetime of the catalysts, mainly Pt and Ru, will be
significantly reduced [21].

Different precious metals, like silver and gold, have also been investigated as possible
catalyst materials. Ag-based catalysts have been studied as replacement catalysts for Pt-based
catalysts because they are more cost effective (1% the cost of Pt), have high catalytic activity,
and good stability in alkaline solutions [9], [19], [22]. Ag-based alloy catalysts, like Ag-Co and
Ag-Cu, have higher catalytic activity than Ag alone [19], [22]. Jin et al. [19] directly grew a Ag-
Cu catalyst on Ni foam which resulted in stable bifunctional cycling stability of ~53% after 100

discharge-charge cycles at 20 mA/cm?.
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2.1.4.2. Transition Metal Based Catalysts
Transition metals (e.g., Mn, Co, Fe, and Ni) and transition metal oxides have been
increasingly popular as potential OER/ORR catalysts due to their high abundance in nature, low
cost, and high catalytic activity [13], [23]. Transition metals have incomplete d-orbitals meaning
they easily accept/donate electrons leading to good redox reactions [6]. However, transition
metals are only semi-conductive which leads to poor catalytic activity and poor conductivity [6],
[13]. To improve their stability and conductivity they can be combined with nanocarbon
materials (e.g., carbon nanotubes (CNTs), graphene, etc.) [6], [13], [22], [23], [24]. Carbon based
catalysts will be discussed further in Section 2.1.4.3. A limitation of transition metal based
catalyst materials lies in the difficulty of predicting electrochemical results, so much of the
research is conducted using trial and error methods [1]. Electrochemical results for transition
metal oxides are difficult to predict because their morphology, composition, and electronic
structure have significant effects on their performance [9], [13].
The most promising structures are the spinel and perovskite oxide structures, since the
metals have multiple valences so they can be electron donors and/or acceptors [1], [13], [25].
The spinel structure (Figure 2-3) has a formula of AB>0O4, where A and B are metals [13], [25],
[26], [27]. The structure is built with tightly packed O* ions while the A%" and B** cations fill a
fraction or all of the tetrahedral and octahedral positions [13], [25], [28]. Perovskites (Figure
2-4) have a structure of ABO3, where A is a rare-earth metal and B is a transition metal [13],
[25], [26]. An advantage that perovskites provide is that they are more stable and resistant to
corrosion than spinels [13], [26]. The B site cations are responsible for and have the most effect
on ORR activity [13]. To increase electrical conductivity, chemical stability, oxygen adsorption,
and catalytic activity, partial substitution of other cations into the A and B sites can be done
[13], [25]. In addition to partial substitution, doping with aliovalent cations can increase the
catalytic activity for ORR. It is important to note that the amount of dopant will affect the
catalytic properties [13].
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Figure 2-3 Spinel crystal structure [29]. On: octahedral sites, Tq: tetrahedral sites.

Figure 2-4 Perovskite crystal structure [30].

Cobalt-based oxides have become increasing popular as they have the potential for high
activity for both ORR and OER in alkaline environments [25]. C0304 is a commonly used spinel
that is based on a tightly packed FCC structure of the oxygen ions, and comprised of Co*" (one-
eighth of tetrahedral A sites) and Co®" (half of the octahedral B sites) ions [25]. The Co?" ions
are able to transfer electrons to O2 molecules to help break the oxygen-oxygen bond while
simultaneously oxidizing to Co®"; thus the ORR activity is directly related to Co** surface ions
[25], [31]. The OER activity in Co-based oxides is related to the conversion of Co** to Co**
before the onset of OER [25], [31]. The activity is affected by the oxidation state on the exposed
surface [25]. Several studies show that bimetallic oxides have multiple oxidation states which
facilitate redox reactions [32]. It is proposed that Zn and Co oxides have a synergy when
combined to make a ZnC0204 spinel, where Zn has a valence of 2+ and occupies the tetrahedral

sites, and Co has a 3+ valence occupying the octahedral sites [32], [33]. Huang et al. [32]
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synthesized porous ZnCo204 rodlike nanostructures for high rate supercapacitors, which had
high specific capacitance (605 F/g at 1 A/g) and good cycling stability for 3000 cycles. Xu ef al.
[33] synthesized a Zn-Co spinel oxide on CNTs (ZnCo0204/CNT) which had a power density of
249 mW/cm? and a potential gap of 1.43 V at 65 mA/cm?, outperforming Pt/C (221 mW/cm? and
1.52 V at 35 mA/cm?). These studies suggest there is a strong synergy between Zn and Co.
NiCo0204 has been reported to have better ORR activity than Ni doped Co oxides [25]. NiC0204
possesses an inverse spinel structure, where the A sites are octahedral interstitials and the B sites
are tetrahedral interstitials [25]. X-ray photoelectron spectroscopy (XPS) has confirmed that
Ni**ions occupy the octahedral sites, while the Co cations are in both tetrahedral and octahedral
sites [25]. It has been proposed that having the Ni cations exposed allows for better oxygen
adsorption, thereby increasing ORR performance. OER performance is due to the different
valence states of Co, which have a lower potential than Ni, making the OER potential lower than
that for NiO [25].

Ni-based oxides are good OER catalysts since they resist corrosion well compared to
other oxides [34]. Ni-based catalysts are more conductive than Mn-based catalysts; however,
they do not exceed the conductivity of Pt- or C-based catalysts [34]. An advantage that Ni-based
catalysts have is that they are more stable than the precious metal based catalysts [34]. The good
conductivity is attributed to the Ni** ions; however, the Ni** ions have better stability [34]. A
problem with the Ni ions is that they move within the crystal structure because of Ni*" reduction
to Ni**, which makes reversibility nearly impossible [34].

A common single transition metal oxide catalyst candidate is MnOx, because of its low
cost, minimal environmental impact, and availability [13], [20], [25]. MnO; has several
polymorphs resulting in 1D tunnel structures, like a-MnQO», B-MnO,, and y-MnO», and 2D
layered structures, such as 6-MnQO», and 3D spinel A-MnO» [20], [25], [35]. Amorphous MnOx is
highly active for ORR because there is a large amount of defects in the lattice [13]. Further
analysis of the different polymorphs shows that the ORR activity depends on the crystallographic
structure and follows the order a-MnQO; > B-MnQO; > y-MnO> [25], [36]. a-MnO; has the best
ORR activity because the insertion and transfer of ions is likely favoured and there are more
defects in the structure allowing for easier adsorption of Oz [25]. For OER, studies have found
that MnOx with high amounts of Mn** had good catalytic activity since the bonds are stronger
towards OH", increasing the generation of MnOOH instead of peroxide formation [13], [20],
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[25], [36]. Zhong et al. [37] deposited Co onto porous MnO> nanosheets (Co-MnQO>). The
resulting catalyst material had a maximum power density of 167 mW/cm? and a round trip
bifunctional cycling efficiency of 63% at 5 mA/cm? for 36 cycles (10 min/cycle), which
outperformed MnQO> nanosheets [37].

Fe-based oxides are not usually employed as bifunctional catalysts. With iron oxide
catalysts it is difficult to achieve stability and consistent electrochemical results [34]. A NizFeN-
supported FesPt bifunctional catalyst was fabricated and shows comparable linear sweep
voltammetry (LSV) results to that of pure precious metal catalysts for both ORR and OER
(Figure 2-5). This is promising as the cost is significantly decreased due to the lower amount of

Pt.
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Figure 2-5 a) ORR and b) OER polarization curves for Fe-based catalysts in 0.1 M KOH [38].

Layered double hydroxide (LDH) materials are conducting clay materials that have the
formula [M<"M"(OH):][(A™)xmH,0]; M and M are divalent (e.g., Ni*") and trivalent (e.g.,
Fe") cations, respectively, and A™ is an anion (e.g., CO3%) [13]. An advantage to using COs>" is
that carbonate precipitates will not be able to form at the triple phase boundaries, thereby
improving performance of the battery [13]. Recently it was reported that there was no
degradation when a CoO/N-CNT hybrid and Ni-Fe-LDH were used as ORR and OER catalysts,
respectively [13].

As mentioned above, mixing transition metal oxides has been shown to improve both
ORR and OER performance. Adding Fe into the Ni-oxide structure increases the stability of the
catalyst and the OER activity is comparable or even better than precious metal based catalysts
[34]. There is a synergistic effect between the Fe and Ni ions. Fe inhibits the transition between
Ni** and Ni** ions, thereby stabilizing the active sites [34]. It was found that by adding more Fe

into the catalyst the promotion of Ni?* increased, thus increasing the stability [34]. Iron usually
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promotes ORR activity, while Ni promotes OER activity [39]. Guan et al. [39] created an Fe-Ni-
S-N carbon catalyst (Fe,Ni-SNC) which produced a high maximum power density of 291
mW/cm? and excellent bifunctional cycling stability with an overall efficiency of 60% after 140
cycles at 5 mA/cm?. A spinel Fe-Co oxide on N-doped ordered mesoporous carbon
(FexCo/NOMC, where x represents the Fe:Co ratio) was successfully synthesized [40]. The
FeosCo/NOMC catalyst was found to have a maximum power density of ~230 mW/cm? and
reasonable bifunctional cycling efficiency of 53.8% after 432 cycles at 5 mA/cm?[40]. Wei et al.
[40] found that the molar ratio of trivalent Fe to bivalent Fe increased as the Co content was
increased, and the opposite occurred for Co. The ratio of Co*":Co*" decreased as the Fe content
increased. This observation led to the conclusion that there is a strong electronic interaction
between the Fe and Co ions, having a significant impact on catalyst performance.

Spinel structured ferrite nanoparticles are receiving more attention as bifunctional
catalysts for metal-air batteries due to their material abundance, low cost, and high catalytic
activity towards ORR [41]. As mentioned above, spinel transition metal oxides are paired with a
carbon structure to increase their electrical conductivity and stability during electrochemical

cycling.

2.14.3. Carbon-Based Catalysts

Carbon-based catalysts, like porous carbon, CNTs, graphene, and carbon black, have
become prominent in ZAB applications because of their high conductivities, high stability in
alkaline environments, high surface area, and low cost [22], [25], [26], [42], [43]. To aid in the
cost and environmental friendliness, carbon materials can be derived from biomass waste (e.g.,
corn silks, leaves, or crab shells) [22], [44]. Since carbon materials are very porous they can
work as both a substrate and a mechanical support for the air electrode [22].

Carbon nanotubes (CNTs) have become increasing popular as they are relatively
inexpensive, have good thermal stability and conductivity, high strength and toughness, and have
good ORR activity by themselves [45]. However, pure CNTs lack the good dispersion,
hydrophilicity, and selective adsorption performance needed for practical applications [45]. To
improve these properties combining CNTs with other catalyst materials, doping, and/or
modifying the surface can be done [26], [43], [45]. A study comparing different types of CNTs
showed that multi-walled CNTs combined with the same catalyst material had the best ORR
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performance when compared with single walled and double walled CNTs [26]. Carbon materials
have a unique structure that allows them to be easily modified [42]. One of the most common
ways of changing carbon material structure is through heteroatom (N, S, B, or P) doping [1],
[42], [43], [46]. In order to dope pristine CNTs, a functionalization step needs to be done to
create binding sites for dopants and metal precursors [26]. Doping nanocarbons with
heteroatoms causes defects within the framework. Phosphorous creates defects and delocalizes
electrons within the structure allowing for more active sites and improving the electronic
conductivity of the nanocarbon [42]. These defects can be advantageous because they have the
ability to change either the charge or the spin of the sp? carbon plane, which can expedite
electron transfer and improve the adsorption of intermediate species [42], [43].

Nitrogen is one of the most common dopants, since the N-doped carbon structure
contains n-type doping for electron donation (ORR) and p-type doping for electron acceptance
(OER) [42]. Additionally, the size of the N-atom is similar to the C-atom allowing for easy
entrance into the lattice of the CNTs [44], [45]. It has been found that N-doping increases the
amount of surface defects and the amount of active sites on the CNTs [44], [45]. TEM images
show the difference between pristine CNTs and nitrogen doped CNTs (N-CNTs) (Figure 2-6)
[46], [47]. The pristine CNTs do not have the bamboo structure that the N-CNTs possess. This is
an indication of the defect structure in N-CNTs vs. pristine CNTs [45]. This bamboo like
structure is considered to be formed from the recurring formation and spalling of N-doped
graphitic layers [45]. Liu ef al. generated Co-Mn oxide supported on N-doped CNTs that had
high stability and a low potential gap (difference between ORR and OER potential) of 0.57 V
when cycled for 12 h at 7 mA/cm? [48]. Degradation tests were conducted for this material and
there was little to no oxidation of the carbon. It is hypothesized that graphitized nanocarbons
reduce carbon oxidation and increase corrosion resistance [48], [49]. Wu et al. constructed
Co/Co2P heterojunctions confined in N-CNTs, which had a potential gap of 0.72 V and an
overall efficiency of 62.5% after bifunctional cycling at 5 mA/cm? for 1000 cycles [49]. A
maximum power density of around 330 mW/cm? was obtained, which compares favourably to
that of Pt-Ru/C (158 mW/cm?) [49]. Mn304 quantum dots were successfully anchored onto
nitrogen doped, partially exfoliated CNTs that had comparable ORR performance and better
stability to Pt/C [42].

18



Figure 2-6 HRTEM images of (a) pristene CNTs [47] and (b) N-CNTs [46]. The bamboo

structure is indicated by the arrows in (b).

Lanthanum-based perovskites are gaining attention because of their good bifunctional
catalytic activity. The formula for the perovskites is Lai xAxMOs.4, where A is commonly Ca, Sr,
Mn, Co, or Ba and M is Co, Ni, Mn, Fe, or Ir [13]. A new core-corona bifunctional catalyst
(CCBC) was designed using N-CNTs as the corona component and LaNiOs as the core
component, providing excellent ORR and OER performance [50]. It is likely that there is a
synergistic effect between the N-CNTs and LaNiO3; components, as degradation and decrease in
activity happen after the charging cycle (OER); however, after charging e the discharge cycle
(ORR) did not show a significant decrease in catalytic activity [5S0]. Additionally, the new CCBC
catalysts were more stable than Pt/C after 75 cycles [50]. Mousavifar ef al. tested a LaCoFe2O4
nano-electrocatalyst on graphene to help facilitate the flow of electrons [41]. LSV testing found
that the onset potential at -3 mA/cm? was -0.13 V vs. Ag/AgClin 0.1 M KOH [41]. It is likely
that the La-ion in the spinel structure increased the ORR catalytic activity by substituting for the
Fe 3+ ions, altering the electrical properties of the spinel structure [41].

Synergistic effects can occur when multiple heteroatoms are co-doped onto nanocarbon
materials [42]. Doping nanocarbon materials with one or more heteroatoms (N, S, B, or P)
increases the number of active sites, which improves the ORR and/or the OER performance [1],
[22], [43], [46]. Several combinations of heteroatoms have been doped onto nanocarbon
materials, such as N-S, and N-F-P, with success in increasing battery performance [42], [43].

Sulfur is thought to support maintenance of charge neutrality of carbon, polarization of electron
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pairs, and the production of charge positions [44]. Sulfur and nitrogen can fine tune the
electronic structure of carbon, promoting both ORR and OER [39], [44]. Not only does doping
nanostructured carbon materials with heteroatoms improve carbon ORR/OER activity, but
doping can also help anchor metal and metal oxides onto the surface of the carbon material to
further increase catalytic activity [42]. CoFe was successfully synthesized onto co-doped sulfur
and nitrogen porous carbon (CoFe/S,N-C) [51]. The CoFe/S,N-C material had a half-cell
potential gap of 0.661 V vs. RHE and had an overall bifunctional efficiency of ~56.8% for 255
cycles at 10 mA/cm?, outperforming Pt/C in electrode stability. Wei et al. used fish bones as a
precursor material for C, N, and S to create N, S co-doped carbon fibers (NSCF) [44]. These
carbon fibers were then combined with an Fe-Co-Ni sulfide ((Fe,Co,N1)9Ss/NSCF), which had a

maximum power density of 158 mW/cm? which outperformed Pt/C + RuOz (138 mW/cm?) [44].

This ternary sulfide on co-doped carbon fibers was also stable and had high efficiency (56%)

during bifunctional cycling at 10 mA/cm? for 360 cycles [44]. Wu et al. [43] synthesized N, F,
and P doped porous carbon nanofibers (NFPC), which exhibited stable bifunctional cycling for
~22 h at 10 mA/cm? and had an overall efficiency of ~57.5%, outperforming Pt-Ru/C catalysts.

2.1.44. High Entropy Alloys

High entropy alloys (HEAs) are composed of four/five or more elements and are single-
phase alloys [52], [53], [54], [55]. It has been seen that adding the additional fourth and fifth
elements significantly increases the charge transport efficiency, ORR activity, and lowers the
OER potential [52], [55]. Additionally, the stability of these five element catalysts is higher
compared to precious metal catalysts, and even binary or ternary catalysts [52]. This increase in
stability is likely due to the synergistic effect of mixing certain elements together, known as the
cocktail effect [52], [55], [56]. It is proposed that the addition of the fifth element may modify
the electronic structure, which in turn affects the catalytic activity [52]. Fang et al. reported an
AlFeCoNiCr catalyst that had a stable ORR and OER potential of 1.15 V and 2.01 V,
respectively, during bifunctional cycling at 20 mA/cm? in KOH + Zn(Ac): (Figure 2-7) [52].
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Figure 2-7 Bifunctional cycling test comparison of Pt/C + IrO; and AlFeCoNiCr HEA at a
current density of 20 mA/cm? [52].

Jin et al. produced several HEAs, that had better LSV results for both ORR and OER
potentials compared to Pt/C and IrO; [55]. Figure 2-8 shows a comparison between the precious
metal catalysts and the HEAs. AINiCoRuMo has a smaller potential gap (0.61 V) between the
half-wave ORR and OER potentials than the Pt/C-IrO»-based catalyst (0.68 V) [55]. The smaller

potential gap between ORR and OER potentials indicates a more efficient bifunctional catalyst
for ZAB:s.
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Figure 2-8 Comparison of OER/ORR LSV curves in 0.1 M KOH for different high entropy

electrode materials and precious metal based catalysts [55].

Dai et al. loaded carbon fiber paper (CFP) with MnFeCoNi HEA powders and conducted
LSV tests to investigate the OER performance [54]. They found that the as prepared/milled CFP
had worse OER activity than RuO>, but when activating the HEA powder on the CFP by cyclic
voltammetry (CV), OER activity was comparable or even better than that for RuO, (Figure 2-9).
It was predicted that through the CV-activating process the compound is transformed into a

MnFeCoNi oxide, which is more catalytically active [54].
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Figure 2-9 ORR LSV curves for MnFeCoNi power, MnFeCoNi on CFP, and RuO> in 1 M
KOH at a scan rate of 5 mV/s [54].

Li et al. [57] investigated several multicomponent spinel metal oxide nanocomposites
through chemically de-alloying Al-based precursors. They determined that Mn3Os- and
(CoFe)304-based oxides are the best oxides for ORR and OER activity, respectively. In this
study they found that adding Ni to the precursor alloy with Fe allowed for the benefit of
increased OER activity without the negative effects of Fe on ORR activity [57]. The
AlFeCoNiMn precursor was used to obtain the (FeCoNi)304/Mn304 composite, which had a
potential gap of 0.7 V and stable bifunctional cycling for 400 h at 2 mA/cm? [57].

High entropy oxides (HEOs) are a new classification of material, which like HEAs are

single phase and they have five or more cations [56]. Investigation into the defect structure of

HEOs has been done, specifically into spinel- and perovskite-structured oxides as they have good

catalytic properties [53]. The defect structure affects the transport properties which affects the
properties of the compound [53]. HEAs and HEOs have been used as anode materials in Li-ion
batteries. Zhao et al. prepared a layered nine component HEO as a cathode material for Na-ion
batteries that showed stable long-term cycling with little capacity loss [58]. HEAs and HEOs
have not been extensively studied as bifunctional electrocatalysts for ZABs; however, they have

the potential to be good bifunctional electrocatalysts.
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2.2. Electrode Preparation
Electrode preparation is important as it involves addition of the catalyst layer to the
electrode. There are several methods for preparation. The most common ones are spray coating,
electrodeposition, and impregnation of catalyst material into the GDL. Each method has its
advantages and disadvantages. The electrode preparation technique has an effect on the mass
loading and consistency of results. This is important when comparing different catalysts as the

method could affect the performance.

2.2.1. Spray Coating and Pasting

Spray coating and pasting methods have been popular for fabricating electrodes. These
methods entail spraying a catalyst ink on GDL or mixing the catalyst into a paste and spreading
it onto the GDL. Binders like Nafion and PTFE are added to the catalyst ink or slurry to ensure
there is proper adhesion between the catalyst and the GDL. Zhu et al. dispersed N-CNTs into
isopropanol, Nafion 5%, and deionized water before spray coating the catalyst ink onto porous
carbon paper and then placing it into an oven for 1 h at 80°C [59]. The samples need to be placed
in an oven to activate the components. The pasting method is similar to that of spray coating as a
carbon, catalyst mixture is needed. Typically, the catalyst material is combined with carbon (e.g.,
graphite powder) and mixed with a silicon-based product (e.g., silicon oil, and paraffin oil) until
a paste is made [60], [61]. The carbon-catalyst paste is then spread to the desired geometry.
Despite the simplicity of these methods, it is difficult to maintain continuity in mass loading for
different electrodes. Another issue with these methods is that the electrode is highly degradable.

This means the catalyst layer loses contact with the electrolyte and air.

2.2.2. Electrodeposition
Electrodeposition (ED) uses an electric current on a conductive material that is
submerged in a solution that contains the material to be deposited [62]. ED techniques are useful
because they are affordable and are able to uniformly distribute material on complex shapes [63].
Thin films can be produced by controlling the synthesis conditions such as the potential, current
density, deposition time, and plating solution [62], [64], [65]. Despite the benefits of
electrodeposition, there are problems with this method for electrode preparation. The first issue

is that the substrate for deposition must be conductive. The second issue is that low temperatures
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are generally used, so the products may be poorly ordered and contain impurities making
characterization difficult [66].

Two different techniques are commonly used for ED; galvanostatic and potentiostatic.
These two techniques allow for various types of deposits, varying from single metals to alloys
and from single layers to multilayers and use direct current (DC), meaning the metallic ions are
reduced/oxidized [67]. Galvanostatic deposition has good deposit adhesion since the rate of the
reaction (current density) is controlled and is suitable for applications where morphology is not a
concern [66], [68]. Potentiostatic deposition is useful for applications that require control over
the morphology since the applied potential is controlled [66], [68]. ED is advantageous due to
the high level of control over layer thickness, speed of deposition, and accessibility to equipment
[66]. In addition, it can be a single-step method for co-deposition [67]. Other commonly used
techniques are pulse current (PC) deposition and pulse reversed current (PRC) deposition [67].
PC deposition is done by applying two or more direct cathodic currents at different deposition
times. PC is better than DC since there is better control and higher current densities can be used
[67]. During PRC deposition, a cathodic current is applied during the “on” time, while an anodic
current is imposed during the “off” time [67].

A common practice is to dissolve the precursor (typically metal salts) into the electrolyte
bath [63], [64], [65]. Layers with different components can be obtained. Ranjbar-Nouri ef al.
[63] used sequential pulse ED techniques to deposit a protective CuMn,O4 spinel coating on
stainless steel interconnects. The anode used was Pt. Cu deposition was first which consisted of
a Cu sulfate + sulfuric acid (H2SO4) electrolyte with a pH of 1. The current density applied was
48 mA/cm? for 4 min, leading to a layer thickness of ~ 4 um. To deposit the Mn layer, Mn
sulfate + ammonium sulfate + hydroxylamine hydrochloride electrolyte with a pH of 3 was
used. A current density of 125 mA/cm? was applied for 8 min, resulting in ~ 6 um thick Mn
layer. Xiong et al. [69] successfully fabricated a MnOx/Co-Fe catalyst directly onto porous
carbon paper through sequential electrodeposition. First the MnOx was anodically deposited
onto the carbon substrate at a constant current of 40 mA for 10 min from a Mn sulfate, sodium
acetate, and sodium dodecyl sulfate electrolyte. A Co-Fe layer was then cathodically deposited
onto the MnOx layer at a constant current of 200 mA for 2 min from a Co sulfate, Fe sulfate,

sodium citrate, boric acid, L-ascorbic acid, and sodium dodecyl sulfate electrolyte. The

25



electrodeposited oxide on the porous carbon paper exhibited strong adhesion and excellent
battery cycling stability and efficiency for 40 h in a ZAB [69].

Similar to ED, electrophoretic deposition (EPD) uses similar properties to deposit
ceramics and non-metals [64]. EPD involves charged powder particles suspended in a liquid
medium with DC applied to the particles so they are attracted to the substrate and are deposited
[64]. EPD depends on the charge on the particle and its influence in the solvent when an electric
field is applied [64]. This is why it is important to use similarly charged particles and solvents in
order to have proper control over the thickness of each layer [64]. Sun et al. [70] suspended a
CuMn; 304 spinel fine powder in an ethanol:acetone solution and successfully
electrophoretically deposited (EPD) it onto interconnect plates. The interconnect plates were
used as the cathode, a Cu plate was used as the anode, and a constant current of 20 V was
applied for 10 min [70]. A drawback to using EPD is that water cannot be used as the solvent
due to hydrogen evolution and oxygen gas being formed when a voltage is applied, as this will
affect the quality of the deposit [64].

A newer method of ED is to incorporate particles into the deposit. Incorporation of
particles into the deposit can be done in using a couple of the aforementioned techniques. PC
deposition is commonly used since there is a higher degree of control and higher current
densities can be used, allowing for higher concentrations of particles to be incorporated [67]. An
advantage to using PRC deposition, is that since there is an anodic pulse, larger amounts of
nanoparticles are entrapped. This is due to the partial dissolution of the metallic deposit during
these pulses [67]. There are three main problems with this method: 1) There is less than one
percent of particle incorporation; 2) particles in the plating bath agglomerate; and 3) particles
agglomerate making it difficult to get a uniform coating [67]. These difficulties can be partially
alleviated by making the particles more hydrophobic by surface tuning the properties of the
particles [67]. Additionally, by combining high speed mechanical stirring and chemical surface

modifications the degree of particle incorporation can be increased [67].

2.2.3. Impregnation of Air Electrode
The impregnation technique occurs when the catalyst solution fills the pores of the
electrode, leading to catalyst material present throughout the entire electrode. Incorporating the

catalyst throughout the porous electrode provides a larger surface area which potentially
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increases the electrochemical performance of the air electrode. However, there are limited
studies using the impregnation technique.

There are a few different ways the impregnation technique can be carried out. The first is
soaking the air electrode (GDL) with the catalyst solution and letting it air dry [71]. Another
method is to soak the GDL during sonication and then vacuum filtering the catalyst solution
through the catalyst soaked GDL [46]. There are several advantages to using the impregnation
technique. As previously mentioned, the catalyst material is present throughout the GDL which
improves the reaction kinetics of ZABs. Secondly, it is simpler and gives more consistent mass
loading with different catalysts. Consistency is very important in ZABs to ensure the results are

comparable and reproducible.

2.3. Microstructural Characterization

The microstructural characteristics of materials used in ZABs is of great interest, as they
provide a better understanding of which materials and processing conditions improve battery
performance and which are detrimental to it. There are several microstructural characterization
techniques, each with their own advantages and disadvantages. Techniques range from light
microscopy to electron microscopy. This section will focus on characterization techniques that

are commonly used to examine nanosized particles.

2.3.1. Scanning Electron Microscopy (SEM)

SEM is a common imaging technique used in several areas of research, since it is non-
destructive, produces high quality images, and has the ability for elemental analysis [72], [73].
The main operating principle of the scanning electron microscope involves emission of a beam
of electrons (energies from 1-30 keV) at a specimen’s surface and then analyzing the signals
produced from this process. Each signal is produced by interacting with different depths of the
specimen (Figure 2-10) [72], [74]. The main signals analyzed when conducting SEM are
secondary electrons (SEs), backscattered electrons (BSEs), and characteristic X-rays [73], [75],
[76]. SEs are produced by inelastic scattering and have energies lower than 50 eV, while BSEs
are primary electrons that have undergone elastic scattering at angles between 90°-180° [72],

[75]. SEs only escape from the near surface region of the sample (less than 1 nm), so they can
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reveal topographic information with a spatial resolution between 1 and 10 nm [72], [75]. BSE
electrons primarily provide atomic number contrast, since they are produced through Rutherford
scattering which is influenced by the number of protons in the nucleus [72], [75]. Characteristic
X-rays are emitted when an inner shell vacancy is produced by an incoming energetic electron
and an outer shell electron moves into the inner shell. The energy released during the transition
can be in the form of an X-ray, which will have an energy characteristic of the element involved
[751, [77], [78]. Energy dispersive X-ray (EDX) spectrometry is used to analyze the
characteristic X-rays to determine the near surface chemical composition. EDX analysis typically
has a spatial resolution of ~1 um, but this will depend on the electron beam energy and sample
composition. This process involves separating the X-rays in terms of energy [72], [79]. The
different energies are grouped and compared with standard energies of specific elements and
used to create an EDX spectrum [72]. The EDX spectrum shows the number of X-rays collected
at different energies. The EDX spectrum defines each characteristic X-ray peak in terms of the
inner shell vacancyj; i.e., the shell corresponding to the X-ray and the intensity of the line within
that group [78].

Figure 2-11 shows a typical layout of an SEM. The electron source, often called the
electron gun, is the source of electrons and controls the energy of the beam. Electron guns
(electron source) need to provide a stable beam with high current, a small spot size, adjustable
energy, and small energy dispersion. There are three main types of electron guns: tungsten
“hairpin” guns, lanthanum hexaboride (LaB¢) guns, and field emission (FE) guns. The best
resolution images are produced from FE guns, followed by LaBe guns, and lastly tungsten guns
[73], [75]. The electron beam travels through several lenses before impacting the specimen; the
lenses reduce the beam size and focus the electron beam [76]. There are several detectors and
other equipment used for analysis of topology, chemical composition, and microstructural

characteristics of the specimen [75], [76].
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2.3.2. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is similar to SEM; however, the electron beam

is operated at higher energies to allow for full specimen penetration, which allows the

transmitted electrons to be used for imaging and diffraction patterns. The usual electron energy is

between 80 and 300 keV [72], [77], [78]. Since the electron beam can penetrate through the
specimen, internal microstructure can be observed. Figure 2-12 shows the typical the

components of a TEM. Much like the SEM, a TEM has several lenses that the electron beam
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passes through. Transmission electron microscopes (TEMs) have more lenses than SEMs since
they are needed above and below the specimen stage used to control the diameter, convergence,
and focus for both the incident electron beam and transmitted electrons [72], [78]. Scanning
transmission electron microscopes (STEM) have an extra coil that scans the electron beam over a
localized area of the specimen. The improved spatial resolution is attributed to the smaller
interaction volume with the thin samples versus the bulk samples used in SEM [72], [77]. There
are different imaging modes for TEM/STEM; e.g., bright-field (BF) imaging, dark-field (DF)
imaging, high-resolution TEM (HRTEM) imaging, and high angle annular dark field (HAADF)
imaging. BF images are produced in TEM mode from the unscattered electrons, while DF
images are produced in TEM mode from specific scattered electrons [72], [78]. HRTEM can be
achieved on ultra-thin samples (<<100 nm) since the majority of scattering is elastic scattering.
These high resolution images are able to show atom positioning at magnification exceeding 400
kX [72]. STEM annular dark field (ADF) images are able to display atomic number effects with
atomic resolution [72]. Different techniques are used to analyze the crystal structure and
chemical composition of the specimen during TEM: electron diffraction and EDX analysis,
respectively. Selected area diffraction (SAD) is one type of electron diffraction. There are two
main types of SAD patterns; ring patterns and spot patterns [78]. Ring patterns are produced
from multiple grains, while spot patterns are formed from single crystals [77], [78]. Single

crystal patterns can also be used to determine crystal orientation [78].
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2.3.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is commonly used to analyze surface elemental
composition and provide chemical bonding information. Photoelectrons are produced when the
incoming photon beam causes the ejection of an electron (Figure 2-13) [80]. XPS is specific to
the surface of each specimen, and determines the concentrations of each element to about 0.1%
accuracy, while being non-destructive (beam penetration between 1-100 um) [81], [82]. Even
though the X-ray beam can penetrate deeply into the specimen, the electrons that provide
chemical bonding and composition information are emitted within ~10 nm of the surface [81],
[83]. A limitation with XPS is that it does not have the ability to detect H or He due to their low
atomic numbers. H and He cannot be detected as their photoionization cross sections are too
small [84], [85]. For perspective, the H photoionization cross section is ~5000 times smaller than
that for the C Is orbital [85].

The technique measures the kinetic energy of photoelectrons that are given off when a

beam of X-rays interacts with the atoms near the specimen surface. The kinetic energy data

collected is used to determine the binding energy of the electrons within the specimen. By
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subtracting the kinetic energy of the photoelectron from the energy of the photon (incoming X-
ray beam), the binding energy of the specimen is determined [81]. Along with photoelectrons,
Auger electrons can also be emitted. Auger electrons are produced when an electron leaves the
orbital (causing the atom to become unstable) and undergoes a relaxation process (Figure 2-13)
[80], [81]. Each photoelectron and Auger electron is sorted in terms of kinetic energy; however,
the data is typically plotted as electron intensity vs binding energy in an X-ray photoelectron
spectrum. The composition of each element is proportional to the area under the peak (intensity

of the peak) [81].
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Figure 2-13 Photoelectron and Auger electron emission process [80].

A special feature of XPS analysis is the ability to determine the bonding state of each
element in the specimen. The bonding state is determined by the characteristic features of the
XPS spectrum; i.e., peak position, multiplet splitting, and satellite structure [83]. These
characteristic features of the spectrum are compared to standard reference materials provided by
the National Institute of Standards and Technology (NIST) of the USA. The chemical shift, and
differences between the peak position of the obtained spectrum and the reference material
depend on the oxidation state of the atom [81]. There are also smaller peaks (satellite peaks)
included in the spectrum; these are caused by multiplet splitting and shake-up satellites.
Multiplet splitting is due to unpaired electrons in the core and unpaired electrons in the valence
shell coupling [80]. Shake-up satellites are caused by an electron within that atom moving to a
higher energy level, which causes an overall decrease in the kinetic energy of that atom [83]. In

an XPS spectrum, there is also background noise due to scattered photoelectrons [83].
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2.3.4. Carbon, Hydrogen, Nitrogen, Sulfur (CHNS) Analysis

CHNS analysis is performed at high temperature (>800 °C) in an oxygen rich
environment in order to combust the elements. Combustion leads to carbon conversion to carbon
dioxide, hydrogen conversion in water, nitrogen conversion into nitrogen gas or nitrogen oxides,
and sulphur conversion to sulphur dioxide [86]. The products of combustion are removed from
the combustion chamber by an inert gas and passed over copper at ~600 °C. The copper at the
bottom of the chamber removes any residual oxygen from the combustion process and converts
any nitrogen oxides into nitrogen gas [86]. Analysis of the gases can be done in several ways: 1)
Gas chromatopgraphy (GC) coupled with thermal conductivity detection; 2) frontal
chromatography coupled with thermal conductivity detection for CHNS; and 3) infra-red with

thermal conductivity for individual element detection [86].

2.4. FElectrochemical Testing
Electrochemical testing is important in assessing the performance of catalyst materials.
By understanding the reaction mechanisms for charge transfer, mass transport, and electron
transport, better electrocatalyst materials can be developed. There are several electrochemical
testing methods. The ones that help determine the performance of ZABs are explained further in

this section.

2.4.1. Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) follow very similar

processes. These methods can be referred to as half-cell testing and are done with a three
electrode configuration; reference, working, and a counter electrode. LSV is useful for
determining reaction kinetics for ORR and OER, while CV investigates the surface reactions
beyond ORR and OER (e.g., chemical reactions at the surface, rate limiting factors, etc.) [87]. In
simpler terms, LSV curves indicate which catalysts are best for ORR and OER and CV curves
provide information into the chemical reactions [88]. Both methods linearly vary potential with
time, known as the scan rate v, between two potentials E; and E> [88], [89], [90]. The difference
between LSV and CV is that during CV testing once E> is reached the process is reversed until
E: is reached again. After E; is reached the test can either be stopped, reversed back to E», or

continued to another potential, E3 [88]. The amount of cycles done during CV range from one to
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several; there is no set amount. The scan rate used can vary, scan rates from 10 mV/s to 1000 V/s
being typical [88], [90]. A drawback to using high scan rates is that double-layer charging as
well as iR effects become significant [88], [90]. The peak positions give information regarding
the type of reaction. If too high a scan rate is used, the results of a reversible reaction can mimic
those of an irreversible reaction [90].

Figure 2-14 shows typical CV curves with different scan rates. There are two peaks,
corresponding to positive and negative current. These peaks represent reactions in the electrode,
usually termed oxidation and reduction peaks. The peak occurring in the positive y-axis is the
oxidation peak and the peak occurring in the negative y-axis is the reduction peak. The scan rate
effects the amplitude of the oxidation and reduction peaks as shown in the figure. Slower scan
rates broaden the peak meaning the reactions occur at steady-state allowing the diffusion layer to
reach equilibrium [87], [88]. Higher scan rates do not provide enough time for the diffusion layer
to reach equilibrium which is why higher currents are needed [87], [88]. The CV peaks are also
affected by scan rate. The peak positions do not change with scan rate when the reaction is
reversible. However, for quasi-reversible and irreversible reactions, the peak positions do shift as
a result of the relationship between electron transfer and mass transfer [88], [90]. In the case of

irreversible reactions, there will only be one peak.

Figure 2-14 CV curves for a reversible reaction at different scan rates. a) v, b) 10 v, ¢) 50 v, and

d) 100 v. [88].

Typical LSV curves for ORR are shown in Figure 2-15a, and typical curves for OER are
shown in Figure 2-15b. The region where the slope of the LSV curves start to change is called
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the onset potential. This potential marks where the kinetic reactions stops and the diffusion

controlled reaction begins. A smaller overpotential is beneficial for both ORR and OER LSV

curves.
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Figure 2-15 LSV curves for Co-Fe oxide catalysts, Pt-Ru, and N-CNTs (a) showing ORR
catalyst activity and (b) OER catalyst activity. Testing was done in Oz-saturated 1 M KOH at a
scan rate of 5 mV/s [91].

2.4.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measures the change in impedance at the
electrode-electrolyte interface [87], [89], [90], [92]. EIS also provides insight into conductivity,
charge transfer properties, and properties of the passivating layer [92]. The process of EIS is
conducted by applying an AC signal to an electrochemical cell, which results in a current
expressed by its amplitude and phase angle [87], [89], [90], [92], [93]. Using Ohms law
(Equation 2-15) the impedance, Z, is calculated [87], [89]. Either a two- or three-electrode cell
configuration is used to perform this test [93]. However, a limitation to the two-electrode set-up
is that it may not incorporate the processes that occur in a full-cell battery at different stages of

the charge/discharge process [93].
Z(w) = % Equation 2-15

The graphical output of EIS is called a Nyquist plot (Figure 2-16), which consists of two
regions; high and low frequency. The semicircle portion of the plot corresponds to the charge
transfer resistance, Re, which is in the kinetic controlled region (high frequency) [87], [90], [93].

The diffusion of ions between the electrolyte and electrode, also known as Warburg impedance,
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Zw, 1s the straight line within the mass transfer controlled region (low frequency) [87], [90], [93].
For ZABs the x-axis intercept (impedance is zero) in the high frequency region is of interest as it
gives the resistance between the electrolyte and the electrode [87]. The smaller the semi-circle,

the lower the charge transfer resistance, which indicates a more promising catalyst.
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Figure 2-16 Impedance plot for EIS outlining the kinetic and mass transfer reigions [90].

2.4.3. Chronopotentiometry (CP)

The chronopotentiometric (CP) technique investigates how the potential responds to
different applied currents [89]. Unlike the electrochemical techniques presented earlier, CP
techniques are performed using a full-cell battery configuration. CP techniques are used to
evaluate the battery as a whole, while LSV and CV tests evaluate the effectiveness as a catalyst.
The current can be applied in various ways. The first way is applying current in a step wise
manner; i.e., holding the current at a constant value. This method is commonly referred to as rate
testing, since the potential stability is shown for a certain amount of time at a specific current
(Figure 2-17a) [87]. A second approach is to linearly increase the applied current. This second
method often results in polarization curves which can then be used to determine the power as a
function of current (Figure 2-17b) [87]. The last two methods of CP either cycle the current or

reverse the current and will be furthered discussed in the next section.
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Figure 2-17 CP curves for (a) Co-Fe oxides, Pt-Ru, and N-CNT electrodes battery rate tests at
varying current densities [91] and (b) discharge/charge polarization and power density as a

function of current of a typically rechargeable zinc-air battery [1].

CP methods are beneficial when dealing with ZABs and are used in a full cell battery
configuration. Rate tests are often used to assess the battery performance at different current
densities, e.g., stability at specific current density. The efficiency at each current density can be
determined by dividing the discharge (ORR) potential by the charge (OER) potential.
Polarization curves are used to gauge how much the battery’s operating potential differs from

the open circuit voltage (OCV) under changing currents [1]. The difference between the
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operating potential (charge/discharge potential) and the OCV represents how much potential is
lost due to activation, mass-transfer, or Ohmic losses [1]. The energy barrier (activation losses
from oxygen reactions) make up the majority of the losses in ZABs, and can be seen as the
initial steep reigion on the polarization curves [1]. The Ohmic losses are due to the resistance
within the electrolyte, while the mass-transfer losses are due to the limited amount of reactants
at the electrode at the end. As previously mentioned, linearly increasing the applied current can
produce polarization curves which allow the maximum power output to be determined. Power is
calculated by multiplying the absolute value of current by the output potential. Knowing the
maximum power output of the cell as well as the stability of the electrodes is useful when
comparing electrodes and different types of batteries. Thus, CP is a useful technique for

evalutating the performance of ZABs.

2.4.4. Galvanostatic Charge-Discharge (GCD)

Galvanostatic charge-discharge (GCD), also called galvanostatic cycling or bifunctional
cycling, is based on chronopotentiometry (CP) and provides information about stability during
cycling of the battery [87]. GCD alternates the current between a positive and negative value for
a set amount of time. The testing configuration used is a full-cell battery. During GCD, a cycle
consists of one charge and one discharge cycle at a specific charge/discharge current density
(Figure 2-18) [87]. The test parameters (number of cycles, length per cycle, current density
applied, etc.) need to be determined. There are two common cycling tests performed for ZABs.
The first one includes short cycle lengths but a large amount of cycles, and the second uses
longer length cycles but a smaller amount of cycles. The limitation to using the first cycling test
is that only a fraction of the total capacity of the zinc-electrode is used [1]. The second cycling
test is more applicable for evaluating ZAB performance, since the length of the cycle is long

enough to use both the air electrode and Zn electrode capacitance [1].
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Figure 2-18 Bifunctional cycling of batteries with a Pt/Ru-C catalyst and a MnOx-CoOx catalyst,
fabricated by atomic layer deposition (ALD) using forming gas plasma, at 10 mA/cm? for 100
cycles in 6 M KOH + 0.25 M ZnO [94].

Unfortunately, there is no standard for these parameters, so comparing different
electrodes and batteries is difficult if different testing conditions were used. Due to the lack of
standard testing procedures, precious metal catalysts, like Pt or RuO», are used to compare
cycling results [7]. Typically initial and final efficiencies, the difference between the ORR and
OER potentials, and the overall battery stability are compared. GCD is a good technique for
evaluating the battery performance (e.g., degradation, and stability) under different parameters

that best suit the intended application.

2.5. Summary
Zinc-air batteries (ZABs) are a promising technology due to their safe operation,
environmental friendliness, and high theoretical energy density. Although ZABs have high
theoretical energy density, the slow reaction kinetics at the air electrode decrease the operating
potential. Throughout this review, several catalyst materials were reviewed; e.g., precious
metals, transition metals and their oxides, and nanocarbons. These catalyst materials have one or
both of two problems; i.e., low cycle life (<1000 cycles) or poor efficiency (<70%). Different

electrode preparation techniques were compared. Among the methods, the impregnation
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technique is a promising method since the catalyst material can be deposited within the GDL
which assists in generating the three phase boundary layer. Additionally, a range of
microstructural characterization and electrochemical testing methods were discussed that will aid
in evaluating the performance of ZABs. The durability and efficiency of ZABs need to be

improved for them to compete with the Li-ion batteries that currently dominate the market.
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3.0. Tri- and Tetra-Metallic Oxides Anchored to Nitrogen Doped
Carbon Nanotubes as Bifunctional Electrocatalysts for

Rechargeable Zinc-Air Batteries

A version of this chapter has been submitted to the Journal of Applied Electrochemistry (July
2021).

3.1. Introduction

Traditional, non-renewable energy sources (e.g., oil and natural gas) are harmful to the
environment, which has generated increasing interest in renewable energy sources. Renewable
energy sources, like wind turbines and solar cells, are being increasingly implemented, but they
provide intermittent power so that reliable and efficient energy storage devices are needed.
Rechargeable Li-ion batteries are the most commonly utilized energy storage devices, since they
have high efficiencies and high energy densities; however, there are several issues with these
batteries. They can be unsafe during operation and have their own environmental issues due to
the mining practices employed to extract Li and disposal of spent batteries. A promising
alternative is metal-air batteries and more specifically rechargeable zinc-air batteries (ZABs).
ZAB:s are safe, environmentally friendly, cost effective, and have a high theoretical energy
density (1353 Wh/kg) [7], [9]. Zinc is also abundant [7], [9]. Nevertheless, there are drawbacks
associated with ZABs. The oxygen reduction reaction and oxygen evolution reaction
(ORR/OER) kinetics at the air electrode are slow and battery stability during cycling is poor [9],
[7]. To improve the ORR and OER kinetics, catalysts are added to the air electrode. Precious
metals, like Pt, Ru, and Ir, enhance the ORR and OER kinetics, but they inhibit large scale
application due to their significant cost, material scarcity, and poor cyclability [13], [21], [57].
This has led to investigation into low cost, alternative bifunctional electrocatalysts.

Transition metal oxides (TMOs), based on metals such as Mn, Co, Ni, and Fe, are attractive
alternatives to precious metals as they are less costly, abundant, and possess high catalytic
activity [13], [22], [57]. Many TMOs form a spinel oxide structure (AB2O4, where A and B are

metals with 2+ and 3+ cations, respectively) which is stable in alkaline electrolytes [13], [25],
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[26]. Mn-based and Co-based oxide spinels are good ORR catalysts since they possess variable
valence states and coordination structures [57]. NiFe-, CoFe-, and NiCoFe-based spinel oxides
are well known OER catalysts [57], [95], [91]. However, TMOs suffer from poor electronic
conductivity. To enhance the conductivity, TMOs can be coupled with nanocarbon structures,
like carbon nanotubes (CNTs), carbon black (CB), and graphene [33], [37], [46], [95].
Additionally, doping the carbon structures with heteroatoms (e.g., N, S, P, and B) can increase
the number of active sites available for the TMO catalyst, thereby improving the ORR and OER
performance [22]. Since N-doped carbon structures exhibit both n- and p-type doping, which
benefit ORR and OER respectively, nitrogen is most commonly used [42]. Huang et al. [42]
created Mn3O4 quantum dots anchored onto nitrogen-doped carbon nanotubes (N-CNTs) that had
better stability and comparable ORR performance to Pt/C. Another group used N-CNTs as a
support for Co-Mn oxide that had a potential difference of 0.57 V (between the ORR and OER
potentials) after 12 h of cycling at 7 mA/cm? [48]. A smaller potential difference corresponds to
a more efficient battery.

Wang et al. [96] fabricated Co-Mn-Ni ternary spinel nanorods through a co-precipitation and
annealing method. The resulting air electrode had a potential difference of 0.88 V and a round
trip efficiency (ratio of the ORR potential to the OER potential) of 57.4% for 100 cycles at 10
mA/cm?. The stability was improved relative to similar batteries with Pt/C electrodes. Zhong et
al. [37] modified MnO» nanosheets with Co, Ni, and Fe. The results showed that Co-MnO, (AE=
0.95 V) and Ni-MnO> (AE=1.01 V) had comparable LSV potential differences to Pt/C + IrO
(AE=0.88 V). Lu et al. [97] fabricated several tri-metallic spinel oxides with the composition
Mo.1Ni9.9C0204, where M = Mn, Fe, Cu, Zn. Among these tri-metallic oxides, Feo.1Nip.9C0204
(FNCO) had the best bifunctional results with a discharge potential of 1.18 V and a charge
potential of 2.03 V (58% efficiency) when cycled for 95 cycles at 10 mA/cm?. Mng 1Nig9C0204
(MNCO) and Zno.1Nip9C0204 (ZNCO) had comparable OER performance to FNCO. Aasen et al.
[95] studied tri-metallic Ni-Co-Fe oxides, anchored onto N-CNTs (FNCO/N-CNT), which were
impregnated into a porous carbon substrate (gas diffusion layer or GDL) using vacuum
infiltration. By combining FNCO with N-CNTs the OER potential decreased, improving the
overall bifunctional efficiency of the catalyst compared with Lu et al. [97]. The resultant air
electrode had a final discharge and charge potential of 1.14 V and 1.95 V, respectively (58.5%
efficiency after 200 cycles at 10 mA/cm?) [95]. Li et al. [57] created a (FeCoNi)304/Mn304
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nanocomposite, which had a potential gap of 0.7 V and good electrode stability when cycled for
400 h at 2 mA/cm?. Aasen et al. [98] also investigated the effects of adding Zn to TMO catalysts
on air electrode and battery performance. Zinc is incorporated into the TMOs during battery
cycling, so including Zn in the TMOs during their fabrication was considered as a means of
improving stability. Zn incorporation into TMOs induced the transition metals to move to higher
oxidation states. Zn-Mn, Zn-Co, and Zn-Mn-Co oxide catalysts compared favourably with the
benchmark Pt-Ru/C (55.3%) catalyst during battery cycling tests (100 h at 10 mA/cm?) with final
efficiencies of 56.6%, 55.8%, and 54.2%, respectively [98]. Although Zn-Mn-Co oxide had the
lowest final efficiency, it was the most stable catalyst under the cycling conditions. Additionally,
Xu et al. [33] formulated a ZnCo204 spinel on CNTs that outperformed a Pt/C catalyst. The Zn-
Co spinel oxide had a power density of about 249 mW/cm? and a potential gap of 1.43 V at 65
mA/cm?, while the Pt/C catalyst had a power density of 221 mW/cm? and a potential gap of 1.52
V at 35 mA/cm? before failing [33].

This chapter investigates Ni-Mn-Co tri-metallic oxides and Ni-Mn-Co-Zn tetra-metallic
oxides anchored onto N-CNTs impregnated into a GDL made from porous carbon paper. This
synthesis method has been demonstrated to deposit the catalyst throughout the microporous layer
of the GDL, thereby improving battery performance [46], [95]. The combinations of the tri- and
tetra-metallic oxides were chosen based on previous studies and statistical design, with the goal
of optimizing catalyst composition and battery performance. Based on analysis of the previously
mentioned studies, it was thought that anchoring various Ni-Mn-Co oxides onto N-CNTs would
improve the electrochemical results. Zinc was selected as one of the components with the Ni-
Mn-Co oxide to improve cyclability. Anchoring Ni-Mn-Co and Zn-Ni-Mn-Co oxides onto N-
CNTs coupled with impregnation into GDL has not been studied previously.

3.2. Experimental
3.2.1. Synthesis of Electrocatalysts and Electrode Preparation
The method for generating electrocatalysts is based on the procedure developed
previously in our group [46]. A catalyst precursor was prepared by mixing 50 mg of N-CNTs
and 210 mg of a metal salt mixture, consisting of NiO4Se7(H>0), Mn(CH3COO),e4(H>0),
Co(CH3COO0)204(H20), and/or Zn(CH3COO).04(H20), with ~80 mg of NaOH and 10 mL of

ethanol in a glass vial. The catalyst mixture was then mechanically stirred at about 800 rpm for
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10 min before undergoing sonication (bath sonicator) for 5 h. The porous carbon paper substrate
(GDL) was sectioned into circles with a diameter of 4.5 cm. The GDL circles were placed into
beakers with the catalyst mixture, 1 mL of Nafion 5%, and 15 mL of ethanol. The total mixture
was sonicated for 20 min and then air dried for 5 min. The catalyst soaked GDL was essentially
used as a filter paper; ~5 mL of the catalyst suspension was vacuum filtered through the GDL.
Selected samples were annealed at 300°C for 30 min. Previous studies showed that annealing
improved electrochemical performance [46], [95]. For simplicity, each sample was labeled based
on the elements included and the metal salt mass ratio in the suspension. For example, Ni-Mn-Co
oxide with a metal salt mass ratio of [1:1:1] anchored onto nitrogen doped carbon nanotubes is
denoted as NMCO/N-CNT-[1:1:1]. It should be noted that the metal salt ratios represent the
amount of metal salt added into the catalyst suspension and not actual metal ratios in the
synthesized catalyst. Annealed samples include the suffix ‘An’. The ratio of metals added during
synthesis is very close to the ratio of metal salts added. The difference in mass for the GDL
samples (mass after synthesis — mass before synthesis) was divided by the area of the GDL disc
(15.9 cm?) to obtain the catalyst mass loading for each sample.

Pt-RuO>/C catalysts were also prepared for a baseline comparison. A spray coating
method was used to prepare the electrode. The catalyst solution consisted of 50 mg of Pt-RuO,/C
(30% Pt and 15% RuO> on carbon black; from Alfa Aesar), 2 mL of deionized water, 1 mL of
ethanol, and 0.1 mL of Nafion (5§ wt%). A 3 cm x 7 cm piece of GDL was sprayed with an air
brush. In order to activate the Nafion and improve the adhesion of the Pt-RuO,/C to the GDL,
the spray coated GDL was placed in a vacuum oven heated to 60°C for 0.5 h. The Pt-RuO>/C on
GDL is denoted as Pt-Ru/C and the mass loading is 0.5 mg/cm?.

3.2.2. Design of Experiments
A design of experiments (DOE) approach, using Design-Expert (StatEase), was utilized
as a guide towards determining metal salt ratios for both the tri- and tetra-metallic oxides. There
are different designs that can be used to analyze experiments. Since the goal of this work was to
optimize the catalyst composition, a mixture design was chosen. The mixture design included up
to four components (Zn, Ni, Mn, Co) with a total mass of 210 mg. One factor (annealed or
unannealed) was included, as well as two responses (potential gap and efficiency at 20 mA/cm?).

The aim was to predict compositions that would minimize the potential gap and maximize the
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efficiency. Previous electrochemical performance information gleaned from the literature for
monometallic (Mn, Co, Ni), bimetallic (Mn-Co, Ni-Co, Mn-Co, etc.), and tri-metallic (Zn-Mn-
Co) oxides was included in the analysis (Table S3-5) [46], [95], [98], as well as several tri-
metallic (Ni-Mn-Co) and tetra-metallic (Zn-Ni-Mn-Co) oxide compositions that were tested in
our laboratory (Table S3-6). The additional metallic oxide compositions tested (Table S3-6) were
chosen based on previous studies that used similar metal salt ratios (e.g., Assen et al. [46], [95],
[98] used a [1:1] Mn-Co ratio and a [5:1] Co-Fe ratio). These compositions (e.g., Zn-Ni-Mn-Co
ratio [1:1:1:1]) were tested to provide additional information to improve the DOE results for the
specific metal oxide compositions. Anderson et al. [99] provide further detail explaining the
analysis and optimization process for the DOE. Optimization allowed for importance and
constraints to be controlled for each component, response, and factor; e.g., the
minimum/maximum amount of each metal salt, maximum efficiency, and minimum potential
gap. For the tri-metallic oxide study, Zn was excluded from the DOE. The best compositions
based on DOE predictions are shown in Table 3-1 and Table 3-2 and are ranked according to
predicted potential gap and efficiency, with a ranking of 1 representing the best value. The
NMCO/N-CNT-[1:1:12] electrode was not predicted by the DOE; however, to maintain
consistency it was tested and classified as a DOE predicted electrode. Note that all the tri-
metallic oxide compositions contained only a small amount of Ni, with Mn being the main
metallic constituent. The main metallic elements for the tetra-metallic oxides were Mn and Zn,

with only small amounts of Ni and Co.
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Table 3-1 DOE Predictions for Ni-Mn-Co oxides

Predicted Metal Salt Relative Predicted Relative Predicted
Ratios Efficiency* Potential Gap*

NMCO/N-CNT [1:9:4] 4 4
NMCO/N-CNT [1:24:17] 1 2
NMCO/N-CNT [1:23:18] 1 1
NMCO/N-CNT [1:29:12] 2 3
NMCO/N-CNT [12:1:1] 5 6
NMCO/N-CNT [1:12:1] 6 7
NMCO/N-CNT [1:1:12] N/A N/A
NMCO/N-CNT [1:40:1] 3 5

* A value of 1 represents the best predicted value for the category

Table 3-2 DOE Predictions for Zn-Ni-Mn-Co oxides

Relative Predicted Relative Predicted
Predicted Salt Composition
Efficiency* Potential Gap*
ZNMCO/N-CNT ] ]
[16:1:24:1]
ZNMCO/N-CNT ; 5
[19:1:20:1]

* A value of 1 represents the best predicted value for the category.

3.2.3. Microstructural Characterization
Scanning electron microscopy (Tescan VEGA3 SEM and Zeiss Sigma Field Emission
SEM), including energy dispersive X-ray (EDX) spectroscopy, was done at accelerating voltages
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of 5 kV and 20 kV (EDX analysis), while transmission/scanning transmission electron
microscopy (JEOL JEM-ARM200CF TEM/STEM), coupled with EDX analysis, was done at
200 kV. For SEM sample preparation, a 1 cm x 1 cm section of the prepared electrode was
placed onto double-sided carbon tape mounted on an aluminum stub. TEM samples were
prepared by scraping the catalyst material from the GDL and combining with 2 mL of ethanol.
The catalyst suspension was then sonicated for ~20 min, dropped onto a carbon-coated, Cu grid,
and air dried. X-ray photoelectron spectroscopy (Versa Probe III (PHI 500) XPS) was done using
a monochromatic Al-K, x-ray source and a pass energy of 20 eV. The XPS samples were
prepared by cutting the catalyst impregnated GDL into small pieces. Spectra were calibrated
using the C 1s peak at a binding energy of 284.8 eV.

3.2.4. Electrochemical Testing

Linear sweep voltammetry (LSV) was done, using a BioLogic SP300 potentiostat, at a scan
rate of 5 mV/s in oxygen saturated 1 M KOH with the catalyst impregnated electrode as the
working electrode, Pt as the counter electrode, and Hg/HgO as the reference electrode. Battery
testing was performed using homemade cells. The electrolyte was 6 M KOH + 0.25 M ZnO.
Zinc sheet metal (2 cm x 6 cm x 0.1 cm) was used as one electrode and the catalyst impregnated
GDL (1 cm x 1 cm exposed to electrolyte) was used as the air electrode, with a Ni current
collector. Rate testing was done using various potentiostats (BioLogic VSP-100 and SP300) with
a homemade vertical cell at current densities of + 2 mA/cm?, + 5 mA/cm?, + 10 mA/cm?, and +
20 mA/cm? for 10 min each. The samples that performed the best at 20 mA/cm? during rate
testing were then cycled in a battery configuration. Cycling tests were carried out using an Arbin
LBT20084 potentiostat, at 10 mA/cm? in ambient air, with a homemade horizontal cell. Each test
consisted of 200 cycles, where an individual cycle was a total of 30 min (a rest period of 5 min, a
discharge period of 10 min, another 5 min rest period, and a charge period of 10 min). Different
cell configurations were used for cycling and rate tests because of the nature of each test. The
vertical cell design was easier to setup and dismantle. All full cell electrochemical tests used
Zn/Zn*" as the reference electrode. The potential difference was determined by subtracting the
ORR potential from the OER potential, while the efficiency was obtained by dividing the OER
potential by the ORR potential.
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3.3. Results and Discussion

3.3.1. Ni-Mn-Co Tri-Metallic Oxides
Several combinations of Ni-Mn-Co oxides anchored onto N-CNTs were tested. Table
S3-6 shows the base compositions tested to provide additional information for the DOE, while
Table S3-7 provides the compositions tested based off the DOE results, as explained in Section
3.2.2.

3.3.1.1.  Electrochemical Results

Half-cell and full-cell configurations were tested (Figure 3-1) for several NMCO/N-CNT
samples with different metal salt ratios. The samples shown in Figure 3-1 were chosen to show
how the results vary based on metal salt composition, as well as the effect of annealing. The full
list of samples tested, and their corresponding compositions, is shown in Table S3-6 and Table
S3-7. Table S3-7 includes catalyst mass loading, ORR and OER potentials, the potential gap, and
battery efficiency for the DOE predicted compositions. It has been previously shown that there
are discrepancies between the half-cell performance and the full-cell performance due to the
electrode preparation technique [98]. Since the preparation technique has a more significant
influence on the full-cell performance than the half-cell performance, comparing the different
electrodes based off of the full-cell performance will provide both catalytic and electrode
performance information [46], [95], [98]. The onset potentials for ORR and OER LSV testing
were determined from the potentials corresponding to a current density of +£10 mA/cm?. The
NMCO/N-CNT-[1:29:12]-An sample has the best ORR activity (Figure 3-1a) with an onset
potential of -0.071 V, which is comparable to Pt-Ru/C (-0.064 V). The addition of Ni to Mn-Co
significantly improves the ORR activity from -0.160 V (Mn-Co oxide) to a range of values from
-0.130 to -0.071 V (Ni-Mn-Co oxides) [95]. It has been previously found that ORR performance
improves when adding a third metal into the metal-nitrogen-carbon mix as it creates more active
sites [95]. The good ORR activity of NMCO/N-CNT-[1:29:12]-An is due to the high amount of
Mn. NMCO/N-CNT-[1:5:1] and NMCO/N-CNT-[1:9:4]-An have the best OER activity with
onset potentials of 0.65 V and 0.67 V, respectively (Figure 3-1b). These values are comparable
to Pt-Ru/C which has an OER onset potential of 0.62 V. When comparing the OER activity of
bi-metallic oxides with Ni-Mn-Co tri-metallic oxides, there is little to no improvement in
behavior. This is likely due to the high amount of Mn, which is ORR active but not particularly
OER active.
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Figure 3-1c shows the difference in ORR potential for the samples. Annealing samples
with higher Mn to Ni ratios tends to improve the ORR performance, while the OER performance
is unaffected. At low current densities, such as 2 mA/cm? and 5 mA/cm?, the samples have
similar electrochemical performance, with the exception of the NMCO/N-CNT-[1:29:12]
unannealed electrode which deviates at 5 mA/cm?. The NMCO/N-CNT-[1:9:4]-An sample was
one of the best materials in terms of electrochemical performance. Multiple electrodes (four) of
this material were fabricated and tested to ensure reproducibility. At 20 mA/cm? NMCO/N-
CNT-[1:9:4]-An has an average efficiency and a potential gap of 58.4% and 0.85 V (Figure
3-1c), respectively, which are comparable to the values for Pt-Ru/C (60% and 0.82 V). When
compared with MnCoOy/N-CNT, NiCoO,/N-CNT, and NiMnOx/N-CNT from Assen et al., with
efficiencies of 52.1%, 57.1% and 57.8% at 20 mA/cm?, respectively, the combination of the
three elements has a synergistic effect, resulting in better electrochemical performance [95]. The
Mn to Co metal salt ratio in MnCoOx/N-CNT was [1:1], while the Ni to Co and Ni to Mn metal
salt ratios in NiCoOx/N-CNT and NiMnOx/N-CNT samples were [5:1] and [1:7], respectively
[95]. Additionally, a MnCoO/N-CNT sample with a Mn:Co ratio of 5:1 was fabricated to
provide further evidence of the beneficial effect of Ni (Fig. S1). The MnCoOx/N-CNT-[5:1]-An
sample had an efficiency of 53.7% at 20 mA/cm?, which compares poorly to the NMCO/N-CNT-
[1:5:1] electrode (57.8% at 20 mA/cm?). Further comparison of the NMCO/N-CNT-[1:1:1] and
NMCO/N-CNT-[1:9:4]-An samples (efficiencies of 57.1%, and 58.4% at 20 mA/cm?,
respectively) with the bimetallic MnCoOx/N-CNT shows an improvement of almost 5% in the
electrochemical performance with the addition of various amounts of Ni. Similarly, the
NMCO/N-CNT-[1:29:12]-An sample (57.8% at 20 mA/cm?) has the same electrochemical
performance improvement, but with the smallest amount of Ni. This confirms that the addition of
Ni to Mn-Co oxide improves the electrochemical performance, despite the amount of Mn in the
tri-metallic oxide.

Power density curves were obtained for the best performing electrodes, NMCO/N-CNT-
[1:9:4]-An, [1:29:12]-An, and [1:5:1] (Figure 3-1d). The maximum power densities of the
catalysts decrease in the following order: NMCO/N-CNT-[1:5:1] > NMCO/N-CNT-[1:29:12]-
An > NMCO/N-CNT-[1:9:4]-An. The best catalyst in terms of maximum power density,
NMCO/N-CNT-[1:5:1] (116 mW/cm?), is comparable to Pt-Ru/C (120 mW/cm?). The amount of
Mn correlates with power density; NMCO/N-CNT-[1:5:1] has the best power density and has the
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highest amount of Mn, while NMCO/N-CNT-[1:9:4]-An has the lowest amount of Mn added.
Although NMCO/N-CNT-[1:9:4]-An had the best ORR potential during rate testing, its power
density performance was the poorest of the three tri-metallic oxides. From the LSV ORR results,
the most positive onset potential was obtained with the NMCO/N-CNT-[1:29:12]-An electrode,
despite containing slightly less Mn compared with NMCO/N-CNT-[1:5:1]. LSV and rate testing

are affected by the synergism between the composition of the three metal salts.
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Figure 3-1 Electrochemical results for tri-metallic catalysts. (a) ORR LSV measurements, (b)
OER LSV measurements, (c) battery rate tests, (d) power curves; some electrodes have been

annealed while others are in the as fabricated condition.

The electrochemical results for all the electrodes tested are summarized in Figure 3-2; the
various electrodes are compared at a relatively high current density of 20 mA/cm?. In general, a

higher Mn to Ni salt ratio coupled with annealing generally improves ORR performance.
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Conversely, a higher Ni to Mn salt ratio and annealing negatively impacts ORR performance.
Annealing tends to improve ORR performance for samples with large amounts of Mn. Since
NaOH is added during synthesis, it is possible that a thin Na-rich layer forms over the surface of
the GDL [46]. Annealing eliminates this layer leaving just the N-CNTs and catalyst material.
Compositional changes and heat treatment did not have a significant effect on OER performance

(Table S3-7).
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Figure 3-2 ORR potential and efficiency as a function of Mn salt composition in the catalyst
suspension. Electrochemical results obtained from full cell battery rate tests at 20 mA/cm? for
Ni-Mn-Co tri-metallic oxides. The amount of Ni salt used in the samples is shown above the
bars in red and the amount of Co salt used is shown in blue. The corresponding metal salt ratio

is shown below the Mn salt composition.

Since NMCO/N-CNT-[1:9:4]-An and NMCO/N-CNT-[1:5:1] were the best performing
samples during rate testing, battery cycling tests were performed for 200 cycles (30 min per
cycle) at a current density of 10 mA/cm? (Figure 3-3). The first ten cycles during bifunctional

cycling are essentially conditioning cycles, and correspond with the amount of time needed to
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completely wet the GDL. The effective initial (cycle 11) efficiency of NMCO/N-CNT-[1:9:4]-
An is 52% and the final efficiency is 52.3%, which represents a slight gain (0.3%) in
performance. The initial (cycle 11) efficiency of NMCO/N-CNT-[1:5:1] is 56% and the final
efficiency is 53.3%; a 2.7% loss in performance.

During cycling the ORR potential remains constant for NMCO/N-CNT-[1:5:1] (1.16 V),
while it slightly decreases at about the 125" cycle for NMCO/N-CNT-[1:9:4]-An (1.13 V). The
initial drop in ORR potential during conditioning may be related to incomplete wetting of the
catalyst infused GDL as mentioned above; wetting improves after several cycles. The slight
decrease in ORR during the later cycles is likely due to the formation of K2CO3 blocking some
of the catalyst sites. Evidence of KoCO3 forming during cycling was confirmed during
microstructural characterization (3.3.1.2). The OER potential for NMCO/N-CNT-[1:9:4]-An
stabilizes at 2.17 V after the conditioning cycles, whereas the OER potential for the NMCO/N-
CNT-[1:5:1] electrode increases steadily until about the 80" cycle stabilizing at 2.16 V. The
OER potential curve is not as smooth as the ORR potential, because oxygen bubbles form,
coalesce, and are released from the GDL during charging. Oxygen bubbles forming on the
electrode is a problem as they block active sites and increase the OER potential. Although the
NMCO/N-CNT-[1:5:1] electrode had the better initial efficiency, the overall electrode stability is
poorer compared with the NMCO/N-CNT-[1:9:4]-An electrode, which had 0.3% difference
between initial and final efficiencies. However, both samples outperform Pt-Ru/C in terms of
stability and electrochemical performance during long term cycling. Pt-Ru/C has an initial

efficiency of 61% and a final efficiency of 38%.
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3.3.1.2.  Microstructural Characterization

Several samples, before testing, were examined using SEM; an example is shown in
Figure 3-4 for the NMCO/N-CNT-[1:9:4]-An sample. The images (Figure 3-4a-c) show
nanoparticles, which appear as bright spots, anchored onto N-CNTs (yellow arrows), as well as
clusters of oxide particles on the GDL surface (green arrows). The N-CNTs (blue arrows) have a
bamboo like structure created by nitrogen doping (red square) [100]. The EDX spectrum in
Figure 3-4d, from the overall area, shows strong peaks from the three metallic species, Mn, Co,
and Ni. The carbon peak is attributed to the GDL and the N-CNTs, while the strong oxygen peak
is from the metal oxide nanoparticles. The F peak is due to the PTFE used in the GDL to make it
somewhat hydrophobic, while the small Na and S peaks are likely residual Na and S remaining
from NaOH and NiO4S-7(H20) used during synthesis. Figure 3-5 compares the Mn:Co metal
ratios (in the metal salts) added during synthesis with the actual metal ratios in the electrodes
determined through SEM EDX analysis. Nickel is not included in the comparison, since there is
Ni present in the CNTs, so the Ni composition would be misleading. The Mn:Co ratios in the

salts are very similar to the metal salt ratios.
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Figure 3-4 SEM and EDX analysis of NMCO/N-CNT-[1:9:4]-An after fabrication and before

cycling. (a)-(c) Secondary electron (SE) images. Blue arrows indicate N-CNTs, green arrows
indicate clusters of precipitates on the GDL surface, and yellow arrows indicate nanoparticles
decorated on the N-CNTs. The red box in (c) shows flaws created by N doping of CNTs. (d)

EDX spectrum from red box region in (c).
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Figure 3-5 Mn:Co atomic ratio comparison between the mixed salts and fabricated catalysts
within the electrode. The mixed salt ratio is prior to synthesis, while the electrode metal ratio is
after synthesis as determined by EDX analysis. The black line represents a one-to-one

correspondence between the electrode composition and the mixed salt composition.

Further microstructural characterization was done using TEM/STEM analysis. The
NMCO/N-CNT-[1:9:4]-An sample, which is one of the better performing electrodes, is shown in
Figure 3-6; other samples are similar. The high resolution TEM (HRTEM) image (Figure 3-6b)
illustrates through the lattice fringes present that the metal oxides on the nanotubes are
crystalline. The STEM high angle annular dark field (HAADF) image of the NMCO/N-CNT-
[1:9:4]-An sample shows oxide nanoparticles anchored onto the N-CNTs as well as clusters of
nanoparticles (Figure 3-6¢). This confirms the SEM observations. EDX maps for Ni, Mn and Co
are also provided (Figure 3-6e-g). The nanoparticle clusters contain all three metals, while the
composition of the anchored nanoparticles is less clear. The anchored nanoparticles definitely
contain Mn and Co; however, they do not appear to contain Ni. Nickel is present over the entire
nanotube, which is a consequence of Ni being used as a catalyst during CNT synthesis (Figure
3-6e). The anchored nanoparticles do not show higher Ni levels relative to the CNTs, which

indicates that Ni is either not present in the nanoparticles or is present in low concentrations, less
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than the Ni concentration in the nanoparticle clusters. The relative amounts of each metal
deposited in the GDL for NMCO/N-CNT-[1:9:4] are 7 at%, 62 at%, and 31 at%, for Ni, Mn, and
Co, respectively. The TEM EDX results confirm the SEM EDX composition analysis.

A selected area diffraction (SAD) pattern (Figure 3-6h) was obtained from the TEM
bright field (BF) image shown in Figure 3-6a. There are two sets of rings in the SAD pattern; one
set from carbon and the other set from the metal oxide. The carbon rings, faint and continuous,
are from the CNT, while the metal oxide rings are spotty and discontinuous. The metal oxide
pattern was indexed to a cubic Mn-Co oxide spinel phase (PDF #23-1237 and a = 8.269 nm).
The spinel phase in this sample has an overall Mn to (Co+Ni) ratio of about 2:1, which correlates
to a composition of (Ni,Co)Mn20x . To balance the O* ions, 2 of the 3 metals must have a
valence of 3+ while the other metal has a valence of 2+. This will be addressed further during the

XPS analysis.
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Figure 3-6 TEM/STEM analysis of NMCO/N-CNT-[1:9:4]-An before cycling. (a) TEM BF
image of a cluster of nanoparticles, (b) HRTEM image, (c) STEM HAADF image, (e)-(g) EDX
elemental maps for Ni, Mn, and Co with the Ni, Mn, and Co signals superimposed on the
HAADF image in (d), and (h) SAD pattern from entire region shown in (f). Yellow arrows
indicate nanoparticles decorated on the N-CNTs and green arrows indicate precipitate clusters

on the GDL surface.
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Further analysis of NMCO/N-CNT-[1:9:4]-An was done through XPS (Figure 3-7). The
survey spectrum shows peaks corresponding to C, O, F, Na, Ni, Mn, and Co (Figure 3-7a). As
mentioned earlier, F is from the PTFE in the GDL and the Na peak is likely from the NaOH used
during synthesis of the electrode. O is present due to the metal oxide particles, while the C peak
comes from the GDL and the N-CNTs. High resolution spectra for Ni 2p, Co 2p, and Mn 2p
peaks are shown in Figure 3-7b —d. Deconvolution of the Ni 2p3/2, Co 2p3/2, Mn 2p3/2, Mn 3s, and
O 1s spectra is shown in Figure S3-18. The O 1s spectrum (Figure S3-18) can be fit to 4 peaks,
lattice oxygen (~529-530 eV), hydroxide bonds (~531 eV), carbon-oxygen bonds (~533 eV), and
Na KLL Auger peak (~335 eV). Lattice oxygen (M-O-M bonds) and hydroxide bonds (M-O-H
and H-O-H bonds) are the main contributions to the O 1s spectrum. It should be noted that the Ni
2p32 peak is quite weak, which is expected given the small amount of Ni in the sample, and there
is interference with the F Auger peak at a binding energy of 861 eV. The F Auger peak makes up
about 95 at% of the high-resolution Ni 2p3. spectrum. As such, the Ni analysis has a high degree
of uncertainty. The Ni peaks at around 854 eV and 865 eV are due to Ni 2+, while the peaks at
around 856 and 860 eV are from Ni 3+ (Figure S3-18) [97]. Ni 2p3. has an estimated valence of
about 2.1 (Table 3-3). Deconvolution of Co 2p/32 high resolution spectrum (Figure S3-18, Table
3-3) suggests that Co 2+ is primarily present [95], [97]. To determine the valence of Mn, both the
Mn 2p3/2 and Mn 3s high resolution spectra were used. The Mn 2p32 peak can be fit to Mn 2+,
Mn 3+ and Mn 4+ multiplet peaks; however, Mn is present mainly as the 3+ and 4+ valences
(Figure S3-18) [97] with an average valence of 3.5. The peak splitting of the Mn 3s spectrum
indicates a valence of 3.0, since the difference between the peaks is 5.3 eV (Table 3-3) [95], [97],
[101], [102]. There is some discrepancy between the Mn 3s and the Mn 2p3/; peak analyses, but
the valence is likely close to 3.0.

Based on the XPS and TEM/STEM analysis the tri-metallic oxide is a spinel phase.
Spinel oxides have the structure of AB>O4, where A and B are divalent and trivalent cations,
respectively. Typically, the divalent cations occupy the tetrahedral lattice sites, while the
trivalent cations occupy the octahedral lattice sites [103]. The STEM EDX results show a
Mn:(Co+Ni) ratio of ~2:1 while the SEM results give a Mn:Co ratio of ~2.1:1. The differences
between the STEM and SEM results are small and are likely from the sampling volume. SEM
EDX analysis is done over a much larger area of the GDL surface than the STEM EDX analysis.

In addition, the EDX results for both analyses are semi-quantitative. In any case, the
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Mn:(Co+Ni) ratio is close to 2, and combined with the XPS results, the Mn valence is 3+ while
the Ni and Co valences are 2+. As such, Ni 2+ and Co 2+ occupy the tetrahedral sites and Mn

3+ occupies the octahedral sites giving a spinel composition corresponding to (Ni,Co)MnzO4.

Table 3-3 XPS analysis from high resolution spectra

Ni2p 3/2 Co 2p 3/2 Mn 2p 3/2 Mn 3s
Peak
2+ 3+ Average 2+ 3+ Average 2+ 3+ 4+ Average . Average
Sample Splitting
(at%) (at%)  Valence (at%) (at%) Valence (at%) (at%) (at%) Valence V) Valence
©
NMCO/N-
CNT- 91.6 8.4 2.1 97.3 2.8 2.0 11.8 29.5 58.9 3.5 5.3 3.0

[1:9:4]-An
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Figure 3-7 XPS spectra for NMCO/N-CNT-[1:9:4]-An. (a) Survey spectrum, (b) Ni 2p, (c) Co
2p, and (d) Mn 2p high resolution spectra.

SEM analysis was done after cycling of the NMCO/N-CNT-[1:9:4]-An sample (Figure
3-8). The electrode surface is partially covered by a fairly dense layer (Figure 3-8a-b — indicated
by red arrows), which is K-, O- and C-rich (EDX spectrum in Figure 3-8c). The layer is likely
K>COs3, with K coming from the electrolyte (6 M KOH + 0.25 M ZnO). The N-CNTs (blue
arrows) and nanoparticle clusters (green arrows) are still visible, as are the anchored
nanoparticles (yellow arrows - Figure 3-8b). The EDX spectrum (Figure 3-8c) shows the three
metal peaks (Ni, Mn and Co). There is a small amount of Zn present as well, which may be
incorporated into the metal oxide during testing. This will be addressed further in the next
paragraph. The S peak is due to residual S remaining from the Ni salt (NiO4S-7(H20)) utilized
during synthesis, while the F peak is from PTFE in the GDL.
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Figure 3-8 (a), (b) SEM SE images of NMCO/N-CNT-[1:9:4]-An after cycling, (c) EDX

spectrum from entire GDL surface. Blue arrows indicate CNTs, green arrows indicate

precipitate clusters on the GDL surface, yellow arrows indicate the nanoparticles decorating the

N-CNTs, and red arrows indicate K-rich areas (likely K2CO3).

TEM/STEM analysis was done on the NMCO/N-CNT-[1:9:4]-An sample after cycling

(Figure 3-9). A few N-CNTs are visible in the image, as well as nanoparticle clusters. EDX

mapping shows that in addition to three metals (Ni, Mn and Co) and O, Zn and K are present.

Potassium is essentially everywhere and is likely in the form of K2COs3, while Zn corresponds to

the same positions as Mn and Co. Zinc appears to be incorporated into the metal oxide, which
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has been previously reported in other studies [95], [98]. Nickel is present along the N-CNTs (as
with the as fabricated samples) and in the metal oxide nanoparticles. In addition, a Ni particle is
visible in Figure 3-9a-c; this is a catalyst particle from CNT synthesis. An SAD pattern (Figure
3-9j) was obtained from the metal oxide cluster shown in Figure 3-9i and was indexed to the
same spinel phase as that in the as fabricated sample. This indicates that the particles do not

undergo a phase change during cycling. However, as mentioned above, Zn is incorporated into

the spinel structure. Since Zn has a valence of 2+, the likely spinel formula is (Zn,Ni,Co)Mn2Os.
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Figure 3-9 STEM analysis of NMCO/N-CNT [1:9:4] An after cycling. (a), (1) STEM BF
images; (b) STEM HAADF image; (c)-(h) EDX maps for Ni, Mn, Co, Zn, K, and O,
respectively; (j) indexed SAD pattern from the area outlined by the red circle in i. Bifunctional
cycling was done using a homemade Zn-air battery at a current density of 10 mA/cm? for 200

cycles (30 min per cycle) in 6 M KOH + 0.25 M ZnO.
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3.3.2. Zn-Based Tetra-Metallic Oxides
Zn was added to the Ni-Mn-Co oxides to form tetra-metallic ZNMCO/N-CNT with the

aim of improving cycling performance.

3.3.2.1.  Electrochemical Results

Compositions for ZNMCO/N-CNTs were chosen based on the DOE approach previously
explained. Table S4 contains the full-cell test results for all the ZNMCO/N-CNT compositions
tested, including the mass loading of each electrode. Half-cell and full-cell configurations were
tested for three compositions (Figure 3-10). The compositions were somewhat arbitrarily chosen
to show the DOE compositions and the effect of composition on the electrochemical results.
ZNMCO/N-CNT-[1:1:5:1] sample was a baseline composition chosen to improve DOE
accuracy, while the ZNMCO/N-CNT-[16:1:24:1] and —[19:1:20:1] samples were predicted from
the DOE. Full-cell testing (Figure 3-10c) was used to compare the different electrodes as it
provides both catalytic and electrode performance. The onset potential during LSV testing was
taken at a current density of £10 mA/cm?. The ZNMCO/N-CNT-[16:1:24:1]-An sample has the
best ORR activity with an onset potential of -0.107 V, while ZNMCO/N-CNT-[1:1:5:1] has an
onset potential of -0.113 V (Figure 3-10a). These ORR activities are about 0.03 to 0.035 V lower
than that of Pt-Ru/C, which has an ORR onset potential of -0.064 V. The best OER onset
potential is 0.68 V for ZNMCO/N-CNT-[1:1:5:1], while the samples with higher amounts of Zn
have OER onset potentials of ~0.80 V (Figure 3-10b). The OER activity of ZNMCO/N-CNT-
[1:1:5:1] is comparable to that of Pt-Ru/C (0.623 V). The addition of Zn with Ni, Mn, and Co
does not significantly change the OER LSV results; ZNMCO/N-CNT-[1:1:5:1] and NMCO/N-
CNT-[1:5:1] have OER onset potentials of 0.68 V and 0.65 V, respectively. Comparing the Zn-
Ni-Mn-Co oxides with previously studied Zn-Mn-Co oxides, the ORR activity is slightly
improved (-0.107 V vs. -0.113 V) [98].

Figure 3-10c shows the effect of composition on rate testing. Annealing has a greater and
positive influence on ORR potential compared with OER potential. Like the tri-metallic oxides,
the ORR potential for the tetra-metallic oxides start to vary at 5 mA/cm?. At 20 mA/cm?,
ZNMCO/N-CNT-[16:1:24:1] and ZNMCO/N-CNT-[19:1:20:1] have the lowest OER potential
(~2.02 V) and are still able to maintain a reasonably high ORR potential, i.e., ~1.1 Vto~1.15V,
in the annealed condition. ZNMCO/N-CNT-[16:1:24:1]-An and ZNMCO/N-CNT-[1:1:5:1]-An
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electrodes have efficiencies of 57.2% and 56.8%, and potential gaps of 0.88 V and 0.89 V, at 20
mA/cm?, respectively. These two samples are comparable to Pt-Ru/C, which has an efficiency of
60% and a potential gap of 0.82 V at 20 mA/cm?. The presence of Ni and lowering the Co
amount improves the OER performance. This can be seen by comparing ZNMCO/N-CNT-
[16:1:24:1]-An (2.01 V OER and 1.15 V ORR at 20 mA/cm?) with tri-metallic Zn-Mn-Co oxide
(2.07 V OER and 1.20 V ORR at 20 mA/cm?) [98]. The Zn-Mn-Co oxide had a metal salt ratio
of [1:1:1] [98].

Power density analysis of the best performing samples was done and compared with Pt-
Ru/C (Figure 3-10d). The power densities of both ZNMCO/N-CNT-[16:1:24:1]-An (maximum
value of 124 mW/cm?) and ZNMCO/N-CNT-[1:1:5:1]-An (maximum value of 134 mW/cm?)
electrodes exceed that of Pt-Ru/C (maximum value of 120 mW/cm?). ZNMCO/N-CNT-
[19:1:20:1]-An has the lowest maximum power density of 110 mW/cm?. Similar to the tri-
metallic oxides, the power density appears to increase as the amount of Mn in the oxide
increases. The ZNMCO/N-CNT-[1:1:5:1]-An electrode has the best ORR performance during
rate testing and the highest maximum power density. Mn oxide is a well-known ORR catalyst
and since the power density is determined during discharge, this could explain the increase in

power density with increasing Mn content.
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Figure 3-10 (a) ORR LSV curves, (b) OER LSV curves, (c) full cell battery rate testing for three

tetra-metallic oxide compositions, and (d) power curves.

Figure 3-11 shows the effect of composition on the ORR potential and efficiency. The
compositions shown are samples tested to increase the accuracy of the DOE (Table S3-6) and
the best samples predicted by the DOE (Table S3-8). Most of the samples with a lower Ni salt
content relative to the Mn salt amount, as well as being in the annealed condition, have higher

ORR potentials and efficiencies. Larger Zn to Ni ratios also improve the electrochemical results.
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Annealing tends to improve the ORR performance when both Zn and Mn salt amounts are

higher than that of the Ni salt.
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Figure 3-11 Mn amount vs. ORR potential and efficiency for full cell battery rate tests at 20
mA/cm? for Zn-Ni-based tetra-metallic oxides. The amount of Ni-salt, Zn-salt, and Co-salt used

during synthesis is shown above the bars in red, purple, and black, respectively.

Since both ZNMCO/N-CNT-[1:1:5:1]-An and ZNMCO/N-CNT-[16:1:24:1]-An samples
had the best efficiencies at 20 mA/cm?, 56.8% and 56.9%, respectively, they were selected for
cycle testing (Figure 3-12). The first approximately ten cycles during bifunctional cycling are
essentially conditioning cycles, as discussed previously. The initial efficiencies (cycle 11) for
ZNMCO/N-CNT-[1:1:5:1]-An and ZNMCO/N-CNT-[16:1:24:1]-An during cycling (200 cycles
at 10 mA/cm?) were 52.7% and 53.5%, respectively, while the final efficiencies were 55.8% and
56.4%, respectively. As previously discussed in Section 3.3.2.1, Pt-Ru/C is unstable and
degrades quickly during bifunctional cycling. The initial efficiency (cycle 11) is 61%, while final
efficiency is 38% at 10mA/cm? (200 cycles). The instability and poor overall performance of the
Pt-Ru/C electrode can be partially attributed to bubble formation. However, after about the 50'"
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cycle no bubbles were detected on the surface of the GDL and the electrolyte did not leak, so that
the unstable nature is due to degradation of the catalyst material.

The ZNMCO/N-CNT-[19:1:20:1]-An electrode had poor cycling stability and only has a
5.6% better overall efficiency compared with Pt-Ru/C (Figure S3-20). The ZNMCO/N-CNT-
[1:1:5:1]-An and ZNMCO/N-CNT-[16:1:24:1]-An electrodes outperform the Pt-Ru/C electrode
for overall efficiency as well as electrode stability. The final efficiencies for both samples are
comparable to the tri-metallic samples (e.g., NMCO/N-CNT-[1:9:4]-An had a final efficiency of
52.3% - Figure 3-3), but the final OER potentials at 10 mA/cm? for the tetra-metallic oxide
samples are in the 2.04 - 2.06 V range, which is better than the OER potentials the tri-metallic
oxides (e.g., NMCO/N-CNT-[1:9:4]-An with an OER potential value of 2.12 V). In summary,
the addition of Zn to Ni-Mn-Co improved the stability and OER potential of the electrode during

bifunctional cycling.
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Figure 3-12 Bifunctional cycling data for (a) ZNMCO/N-CNT-[16:1:24:1]-An and Pt-Ru/C, and
(b) ZNMCO/N-CNT-[1:1:5:1]-An and Pt-Ru/C. Bifunctional cycling was done using a
homemade Zn-air battery at a current density of 10 mA/cm? with 200 cycles (30 min per cycle)

in 6 M KOH + 0.25 M ZnO.
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3.3.2.2.  Microstructural Characterization

SEM analysis was done on ZNMCO/N-CNT-[16:1:24:1]-An before and after cycling
(200 cycles at 10 mA/cm?) (Figure 3-13). The SE image of the sample before cycling (Figure
3-13a) shows several N-CNTs (blue arrows) with nanoparticles anchored onto the N-CNTs
(yellow arrows). There are also clusters of nanoparticles (green arrows) on the surface of the
GDL. The N-CNTs are entangled with one another within the pores of the GDL. This
observation has been reported previously in other studies that use the same impregnation
technique to prepare samples [98]. The impregnation technique allows for the intertwined N-
CNTs to be deposited in the pores of the GDL versus other techniques (e.g., spray coating) that
deposit the catalyst on the surface of the GDL; thus samples prepared via impregnation have
better performance [98]. The sample after cycling (Figure 3-13b) is covered with K>COs3 (red
arrow) from the electrolyte, which obscures the underlying microstructure. EDX spectra for the
samples before and after cycling are shown in Figure 3-13c¢ and Figure 3-13d, respectively. After
cycling, there is a significant K peak which is due to K2COs3 deposition on the surface of the
GDL. The presence of F, Na, and S peaks in both spectra has already been discussed. There is a
small Al peak for the cycled sample and this is from the stub used to support the sample in the
SEM. The metal peaks in the cycled sample are suppressed because of the KoCOs coating. There
is no significant difference between the relative metal ratios before and after cycling. The
relative amount of Mn detected after cycling decreases by ~5 at%, while the amount of Zn
detected increases by about ~3 at%. The decrease in Mn is likely due to the KoCOs3 covering the
surface of the GDL and possibly from Mn dissolution during cycling. As previously discussed,
the increase in the amount of Zn is likely from Zn from the electrolyte being incorporated during

cycling.
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Figure 3-13 SEM and EDX analysis of ZNMCO/N-CNT-[16:1:24:1]-An. (a) SE image before
cycling, (b) SE image after cycling, (c) EDX spectrum before cycling, and (d) EDX spectrum
after cycling. Blue arrows indicate N-CNTs, green arrows show metal salt clusters on the GDL

surface, yellow arrows point out the nanoparticles anchored onto N-CNTs, and red arrows show

K-rich areas.

The relative metal ratios do not change significantly after synthesis; i.e., the original
mixed salt metal ratios are essentially maintained in the fabricated electrodes (Table S3-9).
However, as discussed previously, Ni is present in the purchased N-CNTs; the presence of this

Ni may skew the amount of Ni detected. Since the amount of Co added to two of the electrodes
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was small, the Mn to Zn metal ratios (in the metal salt) added during synthesis is compared with
the metal ratios in the synthesized oxides of the electrodes (Figure 3-14). The ratios for both
cases are approximately the same, although the Mn:Zn ratios in the electrodes are consistently
larger than those in the added salts (above black line in Figure 3-14), particularly for the
ZNMCO/N-CNT-[1:1:5:1]-An sample.
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Figure 3-14 Relative Mn to Zn metal ratio for tetra-metallic oxides. The black line represents a

one-to-one correspondence between the electrode composition and the mixed salt composition.

STEM BF and HAADF images (Figure 3-15a,b) of ZNMCO/N-CNT-[16:1:24:1]-An
before cycling show the oxide nanoparticles and nanoparticle clusters anchored onto the N-CNTs
and surrounding them. The Ni EDX map (Figure 3-15d) shows that Ni covers the entire surface
of the N-CNTs, which was noted previously and discussed for the tri-metallic oxides. EDX maps
for Zn, Mn, and Co (Figure 3-15c, e-f) overlap with one another and correlate with particles
anchored to the N-CNTs and nanoparticle clusters. The SAD pattern in Figure 3-15h can be
indexed to hetaerolite, ZnMn»0O4, which has a tetragonal spinel structure (a =0.572 nm and ¢ =
0.925 nm) [104], [105]. Since the Mn:Zn ratio (1.4:1, Figure 3-14) is less than 2, this indicates
that a complex spinel composition forms with some partial substitution of Ni and Co for Zn and

Mn [106]. This will be discussed further after the XPS results are presented.
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Figure 3-15 TEM/STEM analysis of ZNMCO/N-CNT-[16:1:24:1]-An before cycling. (a)
HRTEM image, (b) STEM BF image, (c) STEM HAADF image, (d)-(g) EDX elemental maps

for Zn, Ni, Mn, and Co, and (h) SAD pattern. Orange arrow in (a) indicates a nanoparticle on N-

CNTs.

XPS analysis of ZNMCO/N-CNT-[16:1:24:1]-An was done to further elucidate the tetra-

metallic oxide structure (Figure 3-16). The survey spectrum (Figure 3-16a) shows C, O, Mn, Ni,
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F, Co, Na, and Zn peaks. Ni was detected; however, as with Co the amount of Ni present is very
low and the F Auger peak (binding energy of 861 eV) overlaps the Ni signal. Thus, the Ni and
Co analysis have significant uncertainties. Fluorine and sodium are present due to the PTFE in
the GDL and the NaOH used during synthesis, respectively. The high-resolution spectra for Zn
2p, Ni 2p, Mn 2p, Co 2p, Mn 3s, and O 1s are shown in Figure 3-16b-e and Figure S3-21d and
S3-21g. Four peaks, at approximately 530 eV, 532 eV, 534 eV, and 535 eV can be fit to the O s
spectrum. Lattice oxygen (M-O-M bonds), hydroxides (M-O-H and H-O-H bonds), carbide (C-
O-C bonds), and the Na KLL Auger peak can be attributed to the binding energies, respectively
[80], [102], [107], [108]. Determination of valence for each component was done by
deconvolution of the Ni 2p3/2, Co 2p32, Mn 2p3p2, and Zn 2p3.2 peaks (Figure S3-21). From the
high-resolution spectra the valences can be estimated (Table 3-4). To determine the valence of
Zn, both the Zn LMM (Auger) and 2p peaks were analyzed (Figure S3-21a-b). The kinetic
energy for the Zn LMM Auger peak corresponds to ~988 eV. The Zn LMM Auger peak and the
Zn 2p3/2 peak (binding energy of ~1022 eV) confirm that these peaks correspond to Zn-O bonds,
meaning Zn has a valence of 2+ [33], [109]. Due to the large interference from the F Auger peak,
the Ni valence was determined by the relative percentage of each valence from the high-
resolution spectrum (Figure S3-21¢), leading to an average valence of 2.4 (Table 3-4).
Additionally, the high-resolution spectrum of Co 2p3. (Figure S3-21f) can be fit to 3+ multiplet
peaks, resulting in a valence of 3.0 for Co. To determine the valence of Mn, both Mn 2p3/, and
Mn 3s high resolution spectra were used (Figure S3-21c-d). Deconvolution of the Mn 2p3/, peak
gives an average valence of 3.4. The Mn 3s peak has a peak splitting of 4.7 eV, which correlates
to an average valence of 3.7 (Table 3-4) [95], [97], [101], [102]. Taking the average between

both approaches gives an average valence of ~3.5.
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Table 3-4 XPS analysis from high resolution spectra; average valences are calculated based on

at% of each valence

Ni 2p 372 Co2p 3/2 Mn 2p 3/2 Mn 3s
Peak
Sample 2+ 3+  Average 2+ 3+ Average 2+ 3+ 4+ Average S Average
ittin
(%) (%) Valence (%) (%) Valence (%) (%) (%) Valence p( V) £ Valence*
e
ZNMCO/N-
CNT-
58.1 419 24 0.0 100.0 3.0 0.0 57.0 43.0 34 4.7 3.7
[16:1:24:1]-
An
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Figure 3-16 XPS spectra for ZNMCO/N-CNT-[16:1:24:1]-An. (a) Survey spectrum, (b) Zn 2p,

(c) Ni 2p, (d) Mn 2p, and (e) Co 2p high-resolution spectra.

Based on the XPS and TEM/STEM analysis, the metallic oxide anchored onto the N-

CNTs is a spinel phase. TEM analysis shows a tetragonal spinel phase, meaning that for every
four oxygen atoms, three metal atoms are needed. The SEM EDX and STEM analysis show
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good agreement, with a Mn:Zn ratio of 1.4 from SEM EDX analysis and a ratio of 1.2-1.5 from
STEM analysis. The margin of error is likely from the sampling volume. SEM analysis was done
over the total GDL surface, while STEM analysis investigated the local composition on N-CNTs.
From the XPS analysis, Zn and Ni have a 2+ valence state while Co has a valence of 3+. Mn has
a mixed oxidation state of 3+ and 4+. The oxide structure is likely (Zn,Ni)(Co,Mn)>O4, with Ni
partially substituting for Zn and Co partially substituting for Mn. This structure is further
confirmed by SEM analysis as the (Mn+Co):(Zn+Ni) ratio is 1.4:1. As explained earlier, the
lower ratio is due to the Mn having a mixed valence of 3+ and 4+ [110]. Zn 2+ and Ni 2+ are

likely in tetrahedral sites, while the Co 3+ and Mn species are in octahedral sites [104].

3.4. Conclusions

Tri-metallic, Ni-Mn-Co oxides (NMCO) and tetra-metallic, Zn-Ni-Mn-Co oxides (ZNMCO)
anchored onto N-CNTs were successfully synthesized and impregnated into a porous, carbon-
based gas diffusion layer (GDL) using a simple one-step method. The best performing tri-
metallic oxides were NMCO/N-CNT-[1:9:4]-An, with an efficiency of 58.4% at 20 mA/cm?, and
NMCO/N-CNT-[1:5:1] with a maximum power density of 116 mW/cm?. ZNMCO/N-CNT-
[16:1:24:1]-An was the best tetra-metallic oxide with an efficiency of 57.2% (at 20 mA/cm?) and
a maximum power density of 134 mW/cm?. These performance specifications compare quite
favorably with the baseline Pt-Ru/C catalyst. The addition of Zn to Ni-Mn-Co oxides improved
stability as well as the OER potential during bifunctional cycling. ZNMCO/N-CNT-[16:1:24:1]-
An maintained an efficiency of 56.4% after 200 charge/discharge cycles at 10 mA/cm?. Both tri-

metallic and tetra-metallic oxides outperformed Pt-Ru/C during cycle testing.
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3.5.

Table S3-5 Reference data used in the DOE for determination of Ni-Mn-Co and Zn-Ni-Mn-Co

Supporting Information

oxide compositions

Potential Gap
Zn(CH3COO)2 NiO4Se7(H20) Mn(CH3COO) Co(CH3COO): Annealed / Efficiency [%
[V@?20 Reference
¢4(H20) [mg] [mg] 204(H20) [mg]  ¢4(H:20) [mg] Unannealed @ 20 mA/cm?)
mA/cm?]
0 0 250 0 Unannealed 0.94 56.1 [46]
0 250 0 0 Unannealed 1.11 49.1 [95]
0 105 105 0 Unannealed 0.97 54.2 [95]
0 175 35 0 Unannealed 0.98 53.8 [95]
0 35 175 0 Unannealed 0.90 57.1 [95]
0 105 0 105 Unannealed 0.92 55.6 [95]
0 175 0 35 Unannealed 0.89 56.8 [95]
0 35 0 175 Unannealed 0.95 54.5 [95]
70 0 70 70 Unannealed 0.88 56.7 [98]
70 0 70 70 Annealed 0.87 57.8 [98]
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Table S3-6 Baseline data used in the DOE for determination of Ni-Mn-Co and Zn-Ni-Mn-Co

oxide compositions

Zn(CH;COO):e  NiOsSe7(H:0) Mn(CH3COO0)2 Co(CH;COO)e  Annealed / Pot[‘i‘,‘g‘lzﬁap Efficiency [% @
4(H:20) [mg] [mg] *4(H20) [mg] 4(H20) [mg] Unannealed \/em?| 20 mA/cm?]

0 70 70 70 Annealed 0.93 54.9

0 150 30 30 Annealed 0.95 53.7

0 30 150 30 Annealed 0.95 54.1

0 30 30 150 Annealed 0.93 54.7

0 110 50 50 Annealed 1.08 47.8

0 50 110 50 Annealed 0.96 53.1

0 50 50 110 Annealed 0.88 56.7

105 105 0 0 Annealed 1 51.2

35 175 0 0 Annealed 1.06 48.8

175 35 0 0 Annealed 0.96 534

70 70 70 0 Annealed 1.02 51.9




70 70 0 70 Annealed 1.13 46.3

105 105 0 0 Annealed 1 51.2

35 175 0 0 Annealed 1.06 48.8

175 35 0 0 Annealed 0.96 534

70 70 70 0 Annealed 1.02 51.9

70 70 0 70 Annealed 1.13 46.3

52.5 52.5 52.5 52.5 Annealed 1.25 41.9

131.25 26.25 26.25 26.25 Annealed 1.02 51

26.25 131.25 26.25 26.25 Annealed 1.08 48.1

26.25 26.25 131.25 26.25 Annealed 0.89 56.8

26.25 26.25 26.25 131.25 Annealed 0.98 52.9




Table S3-7 Summary of DOE predicted compositions electrochemical rate tests for tri-metallic
oxides at 20 mA/cm?

Ni:Mn:Co salt ORR OER Potential Gap Efficiency Mass Loading
[mg] [Vl [Vl V] [e] [mg/cm’]

Sample

#2 NMCO/N-
CNT-[1:9:4]- 15:135:60 1.19 2.04 0.85 58.4 2.42
An*

#4 NMCO/N-
CNT- 5:120:85 1.15 2.07 0.92 55.6 2.01
[1:24:17]-An

#6 NMCO/N-
CNT- 5:115:90 1.13 2.09 0.96 54.1 2.20
[1:23:18]-An

#8 NMCO/N-
CNT- 5:145:60 1.19 2.06 0.87 57.8 2.33
[1:29:12]-An

#10
NMCO/N-
CNT-[12:1:1]-
An

180:15:15 1.06 2.08 1.02 51.0 2.20
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#12
NMCO/N-
CNT-[1:12:1]-
An

15:180:15 1.19 2.07 0.88 57.5 2.77

#14
NMCO/N-
CNT-[1:1:12]-
An

15:15:180 1.13 2.07 0.94 54.6 1.95

#16
NMCO/N-
CNT-[1:40:1]-
An

5:200:5 1.10 2.06 0.96 534 2.08

*Results are an average of 4 tests
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Figure S3-17 Electrochemical testing results for MnCoO/N-CNT samples. (a) ORR LSV

measurements, (b) OER LSV measurements, and (c) battery rate tests.
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Figure S3-18 XPS fitting data for NMCO/N-CNT-[1:9:4]-An. (a) O 1s, (b) Ni 2p3., (c) Co
2pss2, (d) Mn 2p3/2, and (e) Mn 3s peaks.
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Table S3-8 Summary of DOE predicted compositions and electrochemical rate tests for tetra-

metallic oxides at 20 mA/cm?

Zn:Ni:Mn:Co
ORR OER Potential Gap Efficiency Mass Loading
Sample salt
[Vl [Vl [Vl [7o] [mg/em’]
[mg]

#18
ZNMCO/N-
CNT- 80:5:120:5 1.15 2.01 0.88 57.2 2.45
[16:1:24:1]-
An

#20
ZNMCO/N-
CNT- 97:5:103:5 1.09 2.01 0.92 54.2 2.83
[19:1:20:1]-
An
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Figure S3-19 Full cell battery testing for ZNMCO/N-CNT-[1:1:1:1] samples.
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Figure S3-20 Cycling data for ZNMCO/N-CNT-[19:1:20:1]-An, and Pt-Ru/C. Bifunctional

cycling was done using a homemade Zn-air battery at a current density of 10mA/cm? with 200

cycles (30 min per cycle) in 6 M KOH + 0.25 M ZnO.

Table S3-9 Composition comparison between metal salt added during synthesis and the amount

of metal in the prepared electrode

Metal Ratio Mixed Salts Relative Metal Ratio in GDL
Sample [Zn:Ni:Mn:Co, at%] [Zn:Ni:Mn:Co, at%)]
ZNMCO/N-CNT-[1:1:5:1]-An [1.6:1:5.1:1.1] [1.2:1:5.9:1.1]
ZNMCO/N-CNT-[1:1:1:1]-An [1.6:1:1:1.1] [1.3:1:1.1:1.3]
ZNMCO/N-CNT-[19:1:20:1]-An [30.8:1:20.6:1.1] [13:1:13.3:0.7]
ZNMCO/N-CNT-[16:1:24:1]-An [25.4:1:24:1.1] [13.5:1:19.1:1]
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Figure S3-21XPS fitting data for ZNMCO/N-CNT-[16:1:24:1]-An. (a) O 1s, (b)-(c) Zn 2p, (d)
Ni 2p35, (€) Co 2p3s, (f) Mn 2p3s2, and (g) Mn 3s peaks.
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4.0. Transition Metal Oxides Anchored onto N,S-Co-Doped
Carbon Nanotubes as Bifunctional Electrocatalysts for Zinc-
Air Batteries

4.1. Introduction

Wind and solar energy are becoming more popular, since traditional energy sources (e.g.,
oil, natural gas etc.) are not sustainable and cause harm to the environment. However, these
renewable energy resources provide intermittent energy requiring a sustainable method of energy
storage. A common storage method is batteries. Metal-air batteries, specifically Zn-air batteries
(ZABs) have become more popular over the past decade. Compared to commonly used Li-ion
and lead acid batteries, ZABs have a higher theoretical energy potential, lower cost, and are
environmentally safer [22]. Similar to Li-ion batteries, ZABs have drawbacks. The main issues
with ZABs are the slow oxygen reduction and evolution reaction (ORR/OER) kinetics at the air
electrode [7], [22]. Catalysts are used to improve ORR and OER kinetics. Precious metals like
Pt, Ru, and Ir are commonly used to improve the reaction kinetics [7], [22]. However, precious
metals are expensive, have poor cycling stability, and complicate the fabrication process.

A promising alternative to precious metal catalysts are transition metal oxides (e.g., Mn,
Co, Zn, Ni, etc.). Transition metal oxides are often combined with nanostructured carbon
materials (e.g., carbon nanotubes (CNTs), graphene, and carbon black (CB)) because the
synergism between these materials improves the electrochemical properties. Studies have shown
that doping the carbon nanostructures with heteroatoms (e.g., N, S, P, and B) improves the ORR
and OER performance by providing more active sites for the catalyst [22], [39], [44], [111].
Heteroatoms positively alter the electrochemical properties of carbon [43], [112]. Nitrogen is
popular since the N-atom can provide both n- and p-type doping, which is good for donating
(ORR) and accepting (OER) an electron, respectively [42]. S is another commonly used dopant
as it is thought to maintain charge neutrality of the carbon, polarization of electron pairs, and
production of charge positions [44]. Co-doping heteroatoms with N (e.g., N,S-, N,P-, and N,B-)
onto carbon materials has shown promising results in further improving reaction kinetics [113].

Co-doping N and S onto carbon materials initiates defect sites (non-neutral electron sites), which
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facilitate four electron transfer for efficient ORR activity [23], [44], [114], [115], [116]. Like the

N atoms, S atoms can easily substitute for the C atoms when co-doped with nitrogen [115]. Geng

et al. [114] impregnated a cobalt sulfide into N,S-co-doped graphene which had comparable
OER activity to a Pt/C catalyst. Wu et al. [43] synthesized N, F, and P doped carbon fibers,
which had stable bifunctional cycling and a round trip efficiency (ratio of the ORR potential to
the OER potential) of ~57.5% at 10 mA/cm? for ~22 h. Another group fabricated a porous 2D
Co-Fe composite on N,S doped carbon which had a power density of 169 mW/cm? and an
overall bifunctional efficiency (ratio of the ORR potential to the OER potential) of 56.8% at 10
mA/cm? for 255 cycles [51]. Guan et al. [39] synthesized an Fe-Ni catalyst on S and N doped
carbon (Fe,Ni-SNC) through pyrolysis. The resulting catalyst had a maximum power density of
291 mW/cm?, which outperformed Pt-C + IrO2 (211 mW/cm?), and maintained a highly stable
bifunctional cycling efficiency of 60% for 140 discharge/charge cycles at 5 mA/cm?. Jiang et al.
[44] used fish bones as a precursor for producing nitrogen and sulfur co-doped carbon fibers
(NSCFs) and embedded a tri-metallic sulfide, (Fe,Co,Ni)9Ss, into the carbon structure. The
resulting (Fe,Co,Ni)9Ss/NSCFs had a maximum power density of 138 mW/cm? and an overall
bifunctional cycling efficiency of 56% at 10 mA/cm? for 360 discharge/charge cycles,
outperforming Pt/C + RuO; precious metal catalyst [44].

Chapter 3 of this thesis explored different tri-metallic (Ni-Mn-Co) oxide and tetra-
metallic (Zn-Ni-Mn-Co) oxide compositions anchored onto N-CNTs. The overall bifunctional
cycling efficiency (after cycling) was about 53% for the best tri-metallic oxide, while the best
tetra-metallic oxide had a bifunctional cycling efficiency of ~56%; both were tested at 10
mA/cm? for 200 discharge/charge cycles. The addition of Zn with Ni-Mn-Co transition metals
improved the bifunctional efficiency and improved the maximum power density (134 mW/cm?)
which exceeded that of Pt-Ru/C (120 mW/cm?).

This chapter investigates the effect of anchoring tri-metallic (Ni-Mn-Co) and tetra-
metallic oxides onto S doped N-CNTs (N,S-CNTs) impregnated into a gas diffusion layer

(GDL) made of porous carbon paper. The impregnation method of electrode fabrication has

9

proven to deposit the catalyst material throughout the gas diffusion layer (GDL), thus increasing

the electrode performance [46], [91], [95], [98]. The best Ni-Mn-Co oxide and Zn-Ni-Mn-Co

oxide from the previous study were chosen for this study. To the best of the author’s knowledge,
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no studies have been done on Ni-Mn-Co oxides and Zn-Ni-Mn-Co oxides anchored onto N,S-

CNTs in tandem with the impregnation technique for electrode preparation.

4.2. Experimental

4.2.1. Synthesis of S-doped N-CNTs

The method of synthesis was derived from several methods of co-doping heteroatoms
onto carbon nanotubes [115], [117], [118]. To synthesize co-doped S and N CNTs, thiourea and
pre-purchased N-CNTs were combined together. 200 mg, 400 mg, 600 mg, and 1000 mg of
thiourea were combined with 100 mg of N-CNTs and ground into a fine powder using a pestle
and mortar. The fine powder was then placed into a tube furnace under Ar flow (0.05 L/min),
with a heating rate of 5 °C/min until 700°C was reached and held for 1 h. For simplicity N-CNTs
doped with 200 mg of thiourea are denoted as N,S-CNTs-200, 400 mg of thiourea is denoted as
N,S-CNTs-400 and so on.

4.2.2. Synthesis of Electrocatalyst and Electrode Preparation

The method of synthesis for creating the electrocatalysts used a procedure previously
developed in our group and described in Chapter 3 [46]. This method involved creating a catalyst
precursor mixture and vacuum filtering the solution through the catalyst soaked GDL. The
catalyst precursor included 50 mg of N,S-CNTs and 210 mg of a metal salt mixture, with ~80 mg
of NaOH and 10 mL of ethanol in a glass vial. The metal salt mixtures chosen were based on the
best electrochemical results in Section 3.3.1.1 and Section 3.3.2.1. The Ni-Mn-Co oxide was
synthesized using 15 mg of NiO4Se7(H>0), 135 mg of Mn(CH3COO),e4(H>0), and 60 mg of
Co(CH3COOQO),#4(H-0); the Zn-Ni-Mn-Co oxide was synthesized using 80 mg of
Zn(CH3COO),04(H20), 5 mg of NiO4Se7(H20), 120 mg of Mn(CH3COO),#4(H20), and 5 mg
of Co(CH3COOQO),e4(H:0). Next the catalyst mixture was mechanically stirred for 10 min at
about 800 rpm and then placed in a bath sonicator and sonicated for 5 h. An additional 15 mL of
ethanol, a piece of GDL (4.5 cm diameter circle), along with 1 mL of Nafion 5% was further
sonicated for 20 min and dried in air for 5 min. The catalyst soaked GDL acted as a filter paper
and ~7 mL of the catalyst solution was vacuum filtered through the GDL. Various samples were

annealed for 30 min at 300°C. Annealing samples at these conditions showed improved
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electrochemical performance in previous studies [46], [95]. For ease of understanding, the
samples were labeled based on the elements included and the metal salt mass ratio in the catalyst
mixture; e.g., Ni-Mn-Co oxide with a metal salt ratio of [1:1:1] anchored onto N and S co-doped
CNTs is denoted as NMCO/N,S-CNT-[1:1:1]. The ratios do not represent the actual amount of
metal in the synthesized catalyst but are the amount of metal salt added to the catalyst mixture.
The suffix ‘An’ depicts annealed samples. The mass loading of each sample is based on the
difference in the mass of the GDL samples after synthesis and the mass of the GDL samples
before synthesis, divided by the area of the GDL (15.9 cm?).

Using the spray coating method, a Pt-RuQO,/C catalyst was prepared for baseline
comparison. 50 mg of Pt-RuO»/C (30% Pt, 15% RuO: on carbon black; from Alfa Aesar), 2 mL
of deionized water, 1 mL of ethanol, and 0.1 mL of Nafion (5 wt%) were used for the catalyst
suspension. An air brush was utilized to coat a 3 cm x 7 cm piece of GDL with the catalyst
suspension. The spray coated GDL was placed in a vacuum and oven heated to 60°C for 0.5 h to
activate the Nafion and improve the adhesion of the Pt-RuO,/C on the GDL. From this point on
the Pt-RuO,/C on GDL is denoted as Pt-Ru/C and had a mass loading of 0.5 mg/cm?.

4.2.3. Microstructural Characterization

CHNS analysis (Thermofisher Organic Elemental Analyzer, FLASH 2000, CHNS-O
analyzer) was done using a thermal conductivity detector (TCD). The gases used were helium as
the carrier (140 mL/min), oxygen for combustion (5 s at 250 mL/min), and a helium reference
gas (100 mL/min). Each run was 720 s with a 12 s sampling delay. Peak calibration used BBOT,
2.5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene. Scanning electron microscopy (Tescan VEGA3
SEM and Zeiss Sigma field emission SEM), including energy dispersive X-ray (EDX)
spectroscopy, was done at accelerating voltages of 5 kV and 20 kV (EDX analysis), while
transmission/scanning transmission electron microscopy (JEOL JEM-ARM200CF TEM/STEM),
coupled with EDX analysis, was done at 200 kV. For SEM sample preparation,a 1 cm x 1 cm
section of the prepared electrode was placed onto double-sided carbon tape mounted on an Al
stub. TEM samples were prepared by scraping the catalyst material from the GDL and
combining with 2 mL of ethanol. The catalyst suspension was then sonicated for ~20 min,
dropped onto a carbon-coated, Cu grid and air dried. X-ray photoelectron spectroscopy (Versa

Probe 111 (PHI 500) XPS) was done using a monochromatic Al-K, x-ray source and a pass
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energy of 20 eV. The XPS samples were prepared by cutting the catalyst impregnated GDL into
small pieces. Spectra were calibrated using the C 1s peak at a binding energy of 248.8 eV.

4.2.4. Electrochemical Testing

Electrochemical testing was done using BioLogic VSP-100, SP300, and Arbin LBT20084
potentiostats. Linear sweep voltammetry (LSV) was done using a three-electrode setup in
oxygen saturated 1 M KOH at a scan rate of 5 mV/s. The catalyst impregnated electrode (1 cm x
2 cm) was the working electrode, a Pt coil was the counter electrode, and Hg/HgO (0.098 V vs.
RHE) was the reference electrode. Homemade vertical and horizontal cells were used for battery
testing. 6 M KOH + 0.25 M ZnO was used as the electrolyte, a piece of Zn sheet metal (2 cm x 6
cm x 0.1 cm) was used as one electrode, and the catalyst impregnated GDL (1 cm x 1 cm
exposed to electrolyte) was the air electrode, with Ni as the current collector. Rate testing was
done using the homemade vertical cell at various current densities (+ 2 mA/cm?, = 5 mA/cm?, +
10 mA/cm?, and + 20 mA/cm?) for 10 min each. The best performing samples at 20 mA/cm?
during rate testing also underwent bifunctional cycling. Cycling tests were conducted using the
homemade horizontal cell. One cycling test consisted of 200 discharge/charge cycles at £10
mA/cm?; each cycle was a total of 30 min (5 min rest period, discharge period of 10 min, another
5 min rest period, and a 10 min charge period). All battery testing used Zn/Zn?" as the reference
electrode. The potential difference was determined by subtracting the ORR potential from the
OER potential. Battery efficiency was obtained by dividing the OER potential by the ORR

potential.

4.3. Results and Discussion

4.3.1. N,S-CNTs Analysis
To ensure that S was doped onto the N-CNTs, (S)TEM, EDX, and CHNS analysis were
done. TEM images of purchased pristine CNTs, purchased N-CNTs, N,S-CNTs-200 prepared in
this work, and N,S-CNTs from the literature are shown in Figure 4-1. There is an obvious
difference in the structure of the pristine CNTs (Figure 4-1a), the N-CNTs (Figure 4-1b), and the
N,S-CNTs (Figure 4-1c¢). The pristine CNTs do not have any defects along the nanotubes, while
the N-CNTs have a bamboo structure (green arrows) and the N,S-CNTs have a defect bamboo

structure that is a dense, random stacking/layering of the bamboo structure (red arrows). The
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defects created from doping the CNTs increase the number of active sites, which could improve

the catalytic performance.

o

Figure 4-1 TEM BF images. (a) Pristine CNTs, (b) N-CNTs, (¢) N,S-CNTs-200 prepared in this
work, and (d) N,S-CNTs [23]. The green arrows outline the N induced defect (bamboo)

structure and the red arrows outline the N and S induced defect structure on the CNTs.

STEM EDX mapping (Figure 4-2) shows significant overlap between the S and N maps.
The relative mass percents of C, N, and S are 96.9 wt%, 2.5 wt%, and 0.6 wt%, respectively.
Comparing just the N content to S content there is about four times as much N present as S on

the CNTs.
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| — |

Figure 4-2 (S)TEM EDX images of N,S-CNTs-200. (a) STEM BF image, (b) EDX map of S,
and (c¢) EDX map of N.

CHNS analysis (Table 4-1) was used to compare the sulfur content for the purchased N-
CNTs and the S doped N-CNTs (N,S-CNTs). Different amounts of precursor (thiourea) were
compared to determine its effect on the sulfur content for the N-CNTs. The amount of precursor
is noted in parentheses and the amount of N-CNTs was held constant at 100 mg. The results
show the average sulfur content is 0.54 wt% for the synthesized N,S-CNTs and does not vary

much with the amount of thiourea, while the purchased N-CNTs contain no sulfur.
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Table 4-1 CHNS analysis results comparing N-CNTs with sulfur doped N-CNTs (N,S-CNTs);

mass of thiourea added (in g) during synthesis is noted in parentheses

Sample N [wt%] C [wt%] H [wit%] S [Wt%]

N-CNT 4.04 88.15 0.15 0.00
N,S-CNT-200 4.26 90.16 0.05 0.54
N,S-CNT-400 428 89.54 0.05 0.58
N,S-CNT-600 4.46 90.08 0.06 0.50
N,S-CNT-1000 456 90.23 0.05 0.54

Combining the results from STEM EDX and CHNS analysis, it can be concluded that
doping sulfur onto N-CNTs was successful. However, the amount of thiourea added during
synthesis did not affect the sulfur content in the N-CNTs.

Figure 4-3 compares electrochemical testing for N-CNT impregnated GDL and N,S-
CNT-200 impregnated GDL, with no metal oxide catalyst added. Both onset potentials (defined
at 10 mA/cm?), i.e., ORR and OER, for the N,S-CNT-200 electrode are better than those for the
N-CNT electrode (Figure 4-3a-b). In addition, the ORR current density obtained at -0.50 V is
about 40 mA/cm? higher for the N,S-CNTs. The OER current density at 0.9 V for the N,S-CNTs
is also significantly better (~60 mA/cm? higher). For rate testing, the N-CNT electrode has a
potential gap of 1.03 V, while the N,S-CNT-200 electrode has a potential gap of 0.97 V (Figure
4-3c). As with the half-cell and full-cell tests, the maximum power density is slightly better when
S is co-doped with N on CNTs and the N,S-CNT-200 electrode has a larger maximum current
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density (Figure 4-3d). Overall, the electrochemical performance is improved by co-doping CNTs
with S and N versus doping CNTs with N only.
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Figure 4-3 Electrochemical testing for N,S-CNTs and N-CNTs. (a) ORR LSV curves, (b) OER
LSV curves, (c) full-cell rate testing, and (d) power density.
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4.3.2. Electrochemical Results

The metal oxide compositions chosen for anchoring to the N,S-CNTs were NMCO/N,S-
CNT-[1:9:4] and ZNMCO/N,S-CNT-[16:1:24:1]. These were chosen based on the best
performing tri-metallic oxide (NMCO/N-CNT-[1:9:4]-An) and the best performing tetra-metallic
oxide (ZNMCO/N-CNT-[16:1:24:1]-An) in Sections 3.3.1.1 and 3.3.2.1, respectively.
Comparison between the oxides on the N,S-CNTs and the N-CNTs is provided throughout this
section. Full-cell testing at + 20 mA/cm? was used to evaluate both catalytic performance and
electrode performance since the preparation technique has more of an influence on full-cell
testing [98]. Half-cell and full-cell electrochemical testing was done on the Ni-Mn-Co and Zn-
Ni-Mn-Co oxides anchored onto N,S-CNTs and compared with Pt-Ru/C (Figure 4-4). A current
density of £10 mA/cm? was used to determine the onset potentials for ORR and OER during
LSV testing. The main parameters are summarized in Table 4-2 and include results from Section
3.3.1.1 and Section 3.3.2.1 for comparison. The NMCO/N,S-CNT-[1:9:4]-An electrode has the
best ORR and OER activity for the oxides anchored onto N,S-CNTs with onset potentials
comparable to those obtained for the NMCO/N-CNT-[1:9:4]-An electrode. Similarly, the
unannealed NMCO/N,S-CNT-[1:9:4] sample has comparable ORR/OER activities to the
unannealed NMCO/N-CNT-[1:9:4] electrode. The ZNMCO/N,S-CNT-[16:1:24:1] electrodes are
better catalysts in terms ORR/OER activities than Pt-Ru/C and comparable to the tri-metallic
oxides on both N,S-CNTs and N-CNTs. The ZNMCO/N,S-CNT-[16:1:24:1]-An electrode has
the better ORR/OER activities of the tetra-metallic oxides anchored onto N,S-CNTs. Sulfur has a
tendency to bind to active sites, resulting in decreased active sites for the adsorption of reactants
[119]. This effect may not be as prominent in the tri-metallic oxides, as sulfur is known to have
electrochemical benefits with Co-based catalysts, since there is more Co present [114], [119].
Comparing these electrodes with Pt-Ru/C shows that Pt-Ru/C has the most positive onset ORR
potential (-0.064 V vs. Hg/HgO); however, the OER potentials of the NMCO/N,S-CNT-[1:9:4]
electrodes are comparable to that of Pt-Ru/C (0.62 V vs Hg/HgO). These results suggest that Pt-
Ru/C is still the superior ORR catalyst, while NMCO/N-CNT-[1:9:4]-An and NMCO/N,S-CNT-
[1:9:4]-An are comparable as OER catalysts.

Figure 4-4c shows the full-cell test results for the NMCO/N,S-CNT-[1:9:4] and
ZNMCO/N,S-CNT-[16:1:24:1] electrodes compared to Pt-Ru/C. Table 4-2 summarizes and
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compares the full-cell testing results, at 20 mA/cm?, of the oxides anchored onto the N-CNTs
and N,S-CNTs. Annealing the sample does not have an effect on the OER potential for the tri-
metallic oxide; however, when the ZNMCO/N,S-CNT sample was annealed the OER potential
increased by 0.05 V. The ORR potential is slightly affected by annealing for both tri-metallic and
tetra-metallic oxides anchored onto N,S-CNTs. Previous work (Chapter 3.3.1.1 and 3.3.2.1,
respectively) for NMCO/N-CNTs and ZNMCO/N-CNTs showed that annealing improved the
ORR performance of electrodes with a high amount of Mn. The addition of S to the N-CNTs
dampens the effect that temperature treatment has on the ORR performance; annealing has a
more significant impact on the metallic oxide anchored onto the N-CNTs. Conversely, the
addition of S with the tetra-metallic oxides and heat treatment negatively impacts the OER
performance, whereas for the tri-metallic oxides, and tetra-metallic oxides on N-CNTs has no
effect on the OER performance. Comparison of the unannealed samples (Table 4-2) show that
anchoring the Ni-Mn-Co oxide onto co-doped N,S-CNTs improved both the ORR and OER
potentials, leading to a 3% increase in efficiency. As mentioned before, S combined with Co-
based catalysts can have a positive effect on electrochemical performance [119]. The detrimental
effect S has with the tetra-metallic oxide is not as apparent with full-cell battery testing, since the
method of fabrication has more of an effect. The annealed samples of each composition have the
same OER potential and comparable ORR potentials.

Power density curves for the NMCO/N,S-CNT and ZNMCO/N,S-CNT electrodes are
shown in Figure 4-4d; maximum power densities are provided in Table 4-2. The NMCO/N,S-
CNT-[1:9:4] electrodes and the unannealed ZNMCO/N,S-CNT-[16:1:24:1] electrode have
comparable maximum power densities to the NMCO/N-CNT-[1:9:4]-An electrode. However, the
NMCO/N,S-CNT-[1:9:4]-An electrode reached its maximum power density at a lower current
density. The power curve for the NMCO/N,S-CNT-[1:9:4]-An electrode is noisy at the highest
current densities. At high current densities, concentration polarization is more noticeable. Mass
transport is limited for the oxygen reactions leading to unstable performance. The best
performing catalyst during LSV for ORR activity was the NMCO/N,S-CNT-[1:9:4]-An
electrode, which correlates to the electrode with the highest power density. Previous studies
suggest that metal oxides with a higher number of metals in the oxide have higher power
densities, due to an increase in oxidation states [98]. Additionally, Mn-oxides are known to be

good ORR catalysts, so that a higher amount of Mn should give better ORR activity and better
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power densities during discharge. This is confirmed by comparing the power density of
ZNMCO/N,S-CNT-[16:1:24:1] with NMCO/N,S-CNT-[1:9:4]; however, annealing has a
negative impact on the power density for the ZNMCO/N,S-CNT-[16:1:24:1] electrode. The
metallic oxides anchored onto N,S-CNTs do not exceed the maximum power density of Pt-Ru/C
(120 mW/cm?). These results show that annealing the ZNMCO/N,S-CNT electrodes with Zn-
Ni-Mn-Co oxide with N,S-CNTs decreases the maximum power density achievable. The poor
performance of the ZNMCO/N,S-CNT-[16:1:24:1] electrodes is likely due to the low amount of
Co in the sample, since S and Co have a synergistic effect. Wang [120] found that annealing
promoted crystallization of ZnS:Mn thin films. This could explain why annealing the
ZNMCO/N,S-CNT-[16:1:24:1] electrode has more of a negative effect on the full-cell rate tests

and maximum power density. Further analysis will be provided in Section 4.3.3.2.
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Figure 4-4 Electrochemical results for tri-metallic and tetra-metallic catalysts. a) ORR LSV
measurements, b) OER LSV measurements, c) battery rate tests, d) power curves power curves.

Some electrodes have been annealed while others are in the as fabricated condition.
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Table 4-2 Summary of electrochemical performance data

Onset ORR Onset OER ORR Potential OER Potential Efficiency Maximum
Sample Potential Potential 2 2 . 2 Power Density
[V, @ -10 mA/cm?] [V, @ 10 mA/cm?] [V, @ 10mA/cm | [V, @ 20mA/cm | [%, @ 20mA/cm | [mW/cm?]
NMCO/N-CNT 0.131 0.67 L5 )13 5079 VA
[1:9:4]
NMCO/N-CNT .
[1:9:4] An -0.095 0.65 1.19 2.09 56.9% 97
NMCOI/N,S- .
CNT [1:9:4] -0.137 0.70 1.12 2.09 53.6% 95
NMCOIN,S- ,
CNT [1:9:4]-An -0.096 0.68 1.16 2.09 55.5% 107
ZNMCO/N-CNT .
[16:1:24:1] -0.160 0.79 1.10 2.02 54.5% N/A
ZNMCO/N-CNT .
[16:1:24:1]-An -0.108 0.80 1.15 2.02 56.9% 125
ZNMCOIN,S- )
CNT [16:1:24:1] -0.165 0.82 1.17 2.09 56.0% 100
ZNMCO/N,S-
CNT -0.109 0.77 1.19 2.14 55.6% 85
[16:1:24:1]-An

CNT-[1:9:4] and ZNMCO/N,S-CNT-[16:1:24:1] electrodes, and compared with previous N-

CNT electrodes and Pt-Ru/C (Figure 4-5). The unannealed samples were chosen since the full-

Bifunctional cycling tests were conducted on the unannealed samples of the NMCO/N,S-

cell testing indicated that there was not a significant difference between unannealed and annealed

electrodes. As such, eliminating the annealing step simplified the overall electrode preparation

process. The first ten or so cycles during bifunctional cycling are conditioning cycles, which is

the amount of time needed to completely wet the GDL. A summary of the initial and final

efficiencies is shown in Table 4-3.The ORR and OER potential for both electrodes are very

stable. The differences between the initial cycle (cycle 11) and the final cycle for the
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NMCO/N,S-CNT-[1:9:4] and ZNMCO/N,S-CNT-[16:1:24:1] electrodes are 1.5%, and 2.3%,
respectively. Both NMCO/N,S-CNT-[1:9:4] and ZNMCO/N,S-CNT-[16:1:24:1] electrodes
outperform the NMCO/N-CNT-[1:9:4]-An electrode (Section 3.3.1.1). The final efficiencies of
the NMCO/N,S-CNT-[1:9:4], and ZNMCO/N,S-CNT-[16:1:24:1] electrodes are comparable to
the final efficiency of the ZNMCO/N-CNT-[16:1:24:1]-An electrode (Section 3.3.2.1).

Table 4-3 Bifunctional cycling efficiency summary

Initial Efficiency Final Efficiency
Sample
(%, 11" cycle) (%)
NMCO/N-CNT-[1:9:4]-An 52.0 523
NMCO/N,S-CNT-[1:9:4] 53.6 55.1
ZNMCO/N-CNT-[16:1:24:1]-An 53.5 56.0
ZNMCO/N,S-CNT-[16:1:24:1] 52.1 54.4

The tri-metallic oxides had a relatively stable ORR potential at 1.13 V for 200 cycles at
10 mA/cm?. The NMCO/N,S-CNT-[1:9:4] electrode had a reduction in the OER potential from

2.09 V to0 2.05 V, whereas the NMCO/N-CNT-[1:9:4]-An electrode remained constant at 2.17 V.

As with the tri-metallic oxides, the tetra-metallic oxides had stable ORR potentials as well, with
values between 1.12 V and 1.15 V. There was significant improvement in the OER potential for
both electrodes. ZNMCO/N-CNT-[16:1:24:1]-An had a final OER potential of 2.05 V while
ZNMCO/N,S-CNT-[16:1:24:1] had a final OER potential of 2.08 V. At around the 100th cycle
and the 150th cycle, there is a temporary decrease in electrode performance. This temporary
degradation in performance is due to bubble formation and electrolyte evaporation. Once the
bubbles were removed and electrolyte refilled, the performance completely recovered. The four
transition metal oxide catalyst electrodes outperformed the Pt-Ru/C catalyst in bifunctional
cycling stability and electrochemical potential. The NMCO/N,S-CNT-[1:9:4] electrode
outperformed the NMCO/N-CNT-[1:9:4]-An electrode, while the ZNMCO/N,S-CNT-
[16:1:24:1] electrode was comparable with the ZNMCO/N-CNT-[16:1:24:1]-An electrode.

102



26 —— PERoiC 26

—P-Ru/C
- ——ZNMCOMN-CNT{16:1:24:11-An
—  NMCO/N-CNT-{1-9:4}-An
24 — NMCO/NS-CNT [1:9:4] 24 ——ZNMCO/N S-CNT{16:1:241]
22 i 22 kel Ih‘ L
||||M i ||||.|\| I [ H I il
& 2.0 ‘ | & 20
K| |‘ ‘ E s
18
g g
& 16 || & 16
1.4 | 14
I‘ ‘ ‘ 12
"-' 0 My HHII\H ‘H 1)
B L + il !
1 1 L 1 08 1 1 L
150 175 200 W 15 10 1 200
CYCle Cycle

Figure 4-5 Bifunctional cycling of (a) NMCO/N-CNT-[1:9:4]-An, NMCO/N,S-CNT-[1:9:4],
and Pt-Ru/C samples, and (b) ZNMCO/N-CNT-[16:1:24:1]-An, ZNMCO/N,S-CNT-
[16:1:24:1], and Pt-Ru/C samples, using a homemade Zn-air battery at 10 mA/cm? for 200
cycles (30 min per cycle) in 6 M KOH + 0.25 M ZnO.

The electrochemical results indicate that sulfur improves the electrochemical results
when paired with high Co content catalysts, as evident from the NMCO/N,S-CNT-[1:9:4]
unannealed sample during both full-cell rate testing and bifunctional cycling testing. For the low
Co sample, i.e., the ZNMCO-[16:1:24:1] electrode, co-doping of CNTs with S and N lowered

the overall bifunctional cycling efficiency.
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4.3.3. Microstructural Characterization

4.3.3.1. Tri-metallic oxides on N,S-CNTs
SEM and EDX analysis were done on the NMCO/N,S-CNT-[1:9:4] electrode (Figure

4-6a, & d). For comparison, SEM and EDX analysis of the NMCO/N-CNT-[1:9:4]-An electrode

is shown in Figure 4-6b-c. The unannealed NMCO/N,S-CNT-[1:9:4] electrode was further

investigated and compared to the NMCO/N-CNT-[1:9:4]-An electrode, since the electrochemical

results for the NMCO/N,S-CNT-[1:9:4] electrodes were similar and the unannealed electrode

simplifies the process. The SEM images (Figure 4-6a-b) show the nanoparticles (yellow arrows)

on the N-CNTs (blue arrows) and N,S-CNTs (red arrows), as well as the clusters of nanoparticles

on the GDL (green arrows). The EDX spectra have strong metal peaks for Ni, Mn, and Co
(Figure 4-6¢-d). The Ni peaks are less intense for the tri-metallic oxide on the N,S-CNTs. This
will be further discussed in the next paragraph. The C peak is from the GDL and the N,S-CNTs

and N-CNTs, while the oxygen peak is from the metal oxides. The strong fluorine peak is present

from the PTFE on the GDL and the Nafion used during synthesis. Sodium is present from the
NaOH used during fabrication and the S peak in both spectra is from the NiO4S-7(H20) utilized
during synthesis. The S doped onto the N-CNTs is likely not detectable by the EDX detector.
The S content, determined by EDX analysis, is ~0.3 at% in both the N-CNTs and N,S-CNTs.
As mentioned in the previous paragraph, the Ni peaks are less intense for the
NMCO/N,S-CNT-[1:9:4] sample compared with the NMCO/N-CNT-[1:9:4] sample, which
implies that there is a smaller amount of Ni in the former. However, as discussed in Chapter 3,
there are two sources of Ni; i.e., Ni utilized as a catalyst during CNT synthesis and Ni in the
metal salts used to produce the metal oxide. This could lead to variable amounts of Ni detected
in the samples. If the Mn:Co ratios for the two samples are compared, the values are quite
similar, i.e., in the 2.1-2.2 range. The average relative amounts of Ni, Mn, and Co in the N,S-
CNT electrode are 8.5 at%, 63.4 at%, and 28.2 at%, respectively. There is not a significant
difference between the relative amounts of the metals when compared with the N-CNT

electrode; i.e., 6.6 at%, 62.9 at%, and 30.2 at% for Ni, Mn, and Co, respectively.
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Figure 4-6 SEM and EDX analysis. (a) SE image of NMCO/N,S-CNT-[1:9:4], (b) SE image of
NMCO/N-CNT-[1:9:4]-An, (c¢) EDX spectrum from NMCO/N,S-CNT-[1:9:4], and (d) EDX
spectrum from NMCO/N-[1:9:4]-An. Blue arrows indicate N-CNTs, red arrows indicate N,S-
CNTs, green arrows indicate clusters of precipitates on the GDL surface, and yellow arrows

indicate nanoparticles decorated on the CNTs.

TEM/STEM analysis was conducted to further investigate the microstructure of the
NMCO/N,S-CNT-[1:9:4] sample (Figure 4-7 and Figure 4-8). The STEM high angle annular
dark field (HAADF) image of the NMCO/N,S-CNT-[1:9:4] electrode shows the defect bamboo
structure of the N,S-CNTs as well as the metal oxide nanoparticles anchored onto the N,S-CNTs
and clusters of metal oxide nanoparticles, confirming the SEM observations (Figure 4-7a and
Figure 4-8a). The lattice fringes in the high resolution TEM (HRTEM) image (Figure 4-7b)
indicate that the metal oxide nanoparticles are crystalline. EDX elemental maps for Ni, Mn, and
Co are shown in (Figure 4-7d-g, and Figure 4-8b-d). Similar to the NMCO/N-CNT electrode, the

clusters of nanoparticles contain all three metals (Figure 3-6). Nickel is present over the entire
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N,S-CNT, which is an outcome of Ni being used as a catalyst in the CNT synthesis process and
has been observed previously in Chapter 3.0 [95]. The Mn and Co EDX maps overlap and
correlate with the nanoparticles decorating the N,S-CNTs (Figure 4-7); however, Ni appears to
be absent. As an example, semi-quantitative EDX analysis of the region shown in Figure 4-7¢
indicates that the particles contain about 74 at% Mn and 26 at% Co, with no Ni. Nanoparticle
clusters, not associated with CNTs, do contain Ni; e.g., the region shown in Figure 4-8a contains
about 20 at% Ni, 57 at% Mn, and 23 at% Co. The amounts are very similar to those for the same
metal composition anchored onto N-CNTs (Section 3.3.1.2). Since Ni is present over the entire
N,S-CNT, comparing the Mn:Co ratio enables for better comparison between SEM and (S)TEM
results. From the (S)TEM results, the Mn:Co ratio for the oxides particles is ~2.5:1, while the
SEM results give a Mn:Co ratio of 2.1:1. The differences in composition between the two
analyses is due to the different sample volumes. SEM EDX analysis was done over a much
larger area of the GDL surface, while STEM EDX was much more localized.

Selected area diffraction (SAD) patterns were obtained from the oxide nanoparticle
clusters; an example for the region indicated in Figure 4-8a, is shown in Figure 4-8e. The diffuse
ring with a d-spacing ~0.325 nm is from the CNTs (carbon), while the spotty, discontinuous
rings are from the oxide particles. The SAD pattern was indexed to a Mn-Co spinel oxide
structure (same structure as PDF #23-1237, with a nominal composition of MnCo0204 and a =
8.269 nm). SEM EDX analysis gives a Mn:(Co+Ni) ratio of about 1.8:1, while STEM analysis
gives a Mn:(Co+Ni) ratio of about 1.9:1. As mentioned above the difference between the two
analyses is due to the different sample volumes. However, the ratios are not significantly
different (approximate 2:1) and correspond to a spinel phase with a composition of
(N1,Co)Mn204 . This predicted phase for the NMCO/N,S-CNT-[1:9:4] electrode is the same as
for the NMCO/N-CNT-[1:9:4]-An electrode (Figure 3-8). The metal valences and corresponding
phases will be further discussed along with the XPS analysis.
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Figure 4-7 TEM/STEM analysis of NMCO/N,S-CNT-[1:9:4]. (a) TEM BF image, (b) HRTEM
image, (¢) STEM ADF image, (d)-(g) EDX elemental maps for Ni, Mn, Co. and O. Orange

arrows in (b) outline nanoparticles on N,S-CNTs.
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Figure 4-8 TEM/STEM analysis of NMCO/N,S-CNT-[1:9:4]. (a) STEM ADF image, (b)-(d)
EDX elemental maps for Ni, Mn, Co. and O, and (e) SAD pattern from the red box in (a).
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To confirm the electron microscopy phase analysis for the NMCO/N,S-CNT-[1:9:4]
electrode, XPS analysis was done (Figure 4-9). Figure 4-9a shows the survey spectrum with
peaks corresponding to Ni, Co, F, Mn, O, and C. The strong fluorine peak is present due to the
PTFE in the GDL as well as from the Nafion used during electrode synthesis. Carbon is present
from the GDL and the N,S-CNTs, while oxygen is due to the metal oxide particles. Figure 4-9b-
d show the high-resolution 2ps/ spectra for Ni, Mn, and Co. The deconvolution of the high-
resolution 2p3/2 spectra, as well as the O 1s and Mn 3s high-resolution spectra, are shown in
Figure 4-9e-i. The O 1s spectrum can be fit to three peaks at ~529 eV, ~531 eV, and ~534 eV
(Figure 4-91). These peaks correspond to lattice oxygen (M-O-M bonds), hydroxides (M-O-H
and H-O-H bonds), and carbon-oxygen bonds [102]. The O s peak consists of mainly the
hydroxide and lattice oxygen bonds. The O 1s peaks for the NMCO/N,S-CNT electrode are
consistent with the results obtained for the NMCO/N-CNT electrode. The NMCO/N-CNT
electrode had a Na KLL Auger peak at ~335 eV, whereas the NMCO/N,S-CNT electrode does
not.

The Ni 2p3/2 peak is weak and has significant overlap from the F Auger peak (861 eV);
thus the accuracy of the Ni analysis is low. Similar overlap from the F Auger peak was seen
when analyzing the NMCO/N-CNT electrode spectrum in Chapter 3 Section 3.3.1.2. The peaks
at around 854 eV — 856 eV can be attributed to Ni 3+, while the peaks at ~853 eV and ~860 eV
are due to the presence of Ni 2+ (Figure 4-9¢) [97]. Note that the F KLL Auger peak at 861 eV
contributes to about 80 at% of the Ni 2p3.» spectrum. The average valence for Ni is 2.1 (Table 4-
4). The Ni valence obtained for the NMCO/N-CNT electrode (Chapter 3) was the same.

The Co 2ps3.2 high-resolution spectrum (Figure 4-9h) can be fit to both Co 2+ and Co 3+,
giving an average Co valence of 2.6 (Table 4-4) [95], [97]. It appears that the addition of sulfur
to the N-CNTs increases the amount of Co 3+ present in the sample. The increase in valence was
expected. Previous studies have reported an increased Co oxidation state when combined with S,
likely due to crystal lattice defects induced by S-doping [114], [121]. This is further confirmed
by comparing the results here with the XPS results for the NMCO/N-CNT electrode, which had a
2+ valence for Co with little to no Co 3+ contribution (Figure 4-10 and Section 3.3.1.2).

The deconvolution of the Mn 2p3,> high-resolution (Figure 4-9f) peak leads to Mn 3+ and
Mn 4+ valences, giving an average valence of 3.5 (Table 4-4). Additionally, the Mn 3s peak was

used to confirm the Mn valence (Figure 4-9g). The valence is determined by measuring the peak
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splitting. Figure 4-9g shows the peak differences for each valence [95], [97], [101], [102]. The
energy difference between the two peaks is 5.3 eV, which corresponds to a valence of 3.0 (Table
4-4). Based on the two methods for valence determination, the Mn valence appears to be close to
3+, with perhaps some contribution from 4+. The analysis of the NMCO/N,S-CNT Mn 2p3,> and
Mn 3s peaks align with the previous XPS analysis for the NMCO/N-CNT Mn 2p3/2 and Mn 3s
peaks in Section 3.3.1.2.
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Figure 4-9 XPS spectra and fittings for NMCO/N,S-CNT-[1:9:4]. (a) Survey spectrum, (b) Ni
2p, (c) Ni 2p32, (d) Mn 2p, (e) Mn 2p32, (f) Mn 3s, (g) Co 2p, (h) Co 2p3.2, and (i) O 1s peaks

high-resolution spectra.
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Table 4-4 XPS analysis of high-resolution spectra with average valences calculated based on the

at% of each valence

Ni2p 3/2 Co2p3/2 Mn 2p 3/2 Mn 3s
Sample 2+ 3+ Average 2+ 3+ Average 2+ 3+ 4+ Average Peak Splitting Average
(%) (%) Valence (%) (%) Valence (%) (%) (%) Valence (eV) Valence
NMCOIN,S-
14.2 2.1 403 59.7 2.6 0.0 47.7 523 3.5 53 3.0
CNT-[1:9:4]

The SEM, TEM/STEM, and XPS results can be combined for phase identification of
metal oxide in the NMCO/N,S-CNT-[1:9:4] electrode. Electron diffraction patterns were indexed
to a cubic, spinel phase, i.e., AB2O4 with A corresponding to metal ions with a valence of 2+
(tetrahedral sites) and B corresponding to metal ions with a valence of 3+ (octahedral sites).
Overall EDX analysis in the SEM gave a Mn:(Co+Ni) ratio of 1.75:1. Higher ratios (2.4:1) were
obtained through EDX analysis in the STEM, but analysis in the STEM is more localized and
may not be as representative. The XPS results showed that Ni has an average valence of ~2+, a
split valence of 2+ and 3+ for Co, and a valence of ~3+ for Mn. The proposed chemical formula
for the spinel phase is then (Ni,C0)(Mn,C0)204. This is similar to the chemical formula for the
NMCO/N-CNT-[1:9:4]-An electrode, i.e., (N1,Co)Mn204. Comparison of the two electrodes
indicates that S enables a higher oxidation state for Co, likely due to lattice defects induced from

S-doping (Figure 4-10).
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Figure 4-10 XPS Co 2p3y, fitting for (a) NMCO/N,S-CNT-[1:9:4], and (b) NMCO/N-CNT-
[1:9:4]-An.

4.3.3.2. Tetra-metallic oxides on N,S-CNTs

The unannealed ZNMCO/N,S-CNT-[16:1:24:1] electrode was further investigated due to
better electrochemical performance over the annealed electrode. SEM analysis was done on the
ZNMCO/N,S-CNT-[16:1:24:1] and ZNMCO/N-CNT-[16:1:24:1]-An electrodes (Figure 4-11).
The SE image of the samples (Figure 4-11a-b) shows the N-CNTs (blue arrows) and N,S-CNTs
(red arrows), with metal oxide nanoparticles anchored onto the CNTs (yellow arrows) as well as
the nanoparticle clusters within the GDL (green arrows). The EDX spectra, shown in Figure
4-11c-d, have strong peaks for Zn and Mn, with weaker peaks for Co and Ni. The Co and Ni
peaks are weak as the amount of metal salt added during synthesis is significantly less than that
for the Zn and Mn salts. As explained previously, the F peak is from the PTFE in the GDL and
from the Nafion used during synthesis. The carbon peak is from the CNTs and the GDL and the
oxygen peak is present in the metallic oxides. The Na and S peaks are due to the NaOH and
NiO4S-7(H20) used during synthesis; however, it is likely that some of the sulfur detected is
from the N,S-CNTs. There is no observable difference in microstructure between the tetra-
metallic oxide on the N-CNTs and on the N,S-CNTs. Further EDX analysis gives an average
relative metal content of Zn, Ni, Mn, and Co in the metal oxide on the N,S-CNTs of 32.6 at%
Zn, 3.5 Ni at%, 43.6 Mn at%, and 2.3 Co at%. Comparing these results to the tetra-metallic oxide
on N-CNTs (Section 3.3.2.2), there is not a significant difference with 39.1 at% Zn, 2.9 at% Ni,
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55.1 at% Mn, and 2.9 at% Co. This is further confirmed by comparing the two Mn:Zn atomic
ratios. The metallic oxide on the N,S-CNTs has an average ratio of 1.3:1 while the metallic oxide

on the N-CNTs has a ratio of 1.4:1.

ZNMCO/N-CNT-[16:1:24:1]-An (2) | ANMCONS-CNT-{16:1:24:1]
z l
) S~ )

@

Figure 4-11 SEM and EDX analysis. (a) SE image of ZNMCO/N-CNT-[16:1:24:1]-An, (b) SE
image of ZNMCO/N,S-CNT-[16:1:24:1], (c) EDX spectrum of ZNMCO/N-CNT-[16:1:24:1]-
An, and (d) EDX spectrum of ZNMCO/N,S-CNT-[16:1:24:1]. Blue arrows indicate N-CNTs,
red arrows indicate N,S-CNTs, green arrows indicate clusters of precipitates on the GDL

surface, and yellow arrows indicate nanoparticles decorated on the CNTs.

TEMSTEM analysis was done on the ZNMCO/N,S-CNT-[16:1:24:1] electrode (Figure
4-12). The TEM BF, HRTEM, and STEM ADF images (Figure 4-12a-c) show the metallic oxide
nanoparticles anchored to the N,S-CNTs as well as present as oxide clusters. The nanocrystalline
structure of the nanoparticles anchored onto the N,S-CNTs can be seen in Figure 4-12b (orange

arrows). Zn, Mn, Co, and O EDX maps (Figure 4-12d,f-h) overlap with one another and correlate
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with the anchored nanoparticles on the N,S-CNTs. The EDX map for Ni (Figure 4-12¢) shows it
is present over the entire N,S-CNT with little or no Ni in the oxide particles anchored to the
CNTs. This result has been observed for the other samples. The average composition of the
anchored oxide nanoparticles is 53 at% Mn, 45 at% Zn, and 3 at% Co, while the oxide clusters
have a similar composition but contain some Ni (55 at% Mn, 42 at% Zn, 3 at% Co, and 1 at%
Ni). For comparison, EDX analysis was performed on the ZNMCO/N-CNT-[16:1:24:1]-An
electrode (Section 3.3.2.2). Similar compositions to the ZNMCO/N,S-CNT-[16:1:24:1] electrode
were obtained, with no Ni detected in the nanoparticles anchored to the CNTs and a small
amount of Ni (<1 at% Ni) for the nanoparticle clusters (Figure 4-13). The SAD pattern for
ZNMCO/N,S-CNT-[16:1:24:1] (Figure 4-121) was indexed to hetaerolite, a tetragonal spinel
structure (PDF#24-1133, with a nominal composition of ZnMn>O4, a = 0.572 nm and ¢ = 0.925
nm) [104], [105]. The overall Mn:Zn atomic ratio is ~1.3:1, which is comparable to the overall
Mn:Zn ratio for the ZNMCO/N-CNT-[16:1:24:1]-An electrode (~1.4:1). A Mn:Zn ratio less than
2 indicates that a complex spinel structure may have formed [106]. This will be further discussed

with the XPS analysis.
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Figure 4-12 (S)TEM analysis of ZNMCO/N,S-CNT-[16:1:24:1]. (a) TEM BF image, (b)
HRTEM image, (c) STEM ADF image, (d)-(h) EDX elemental maps for Zn, Ni, Mn, Co, and O,
(1) SAD pattern from the cluster of nanoparticles shown in (a). The blue box in (c) outlines the

area where composition analysis of the nanoparticles anchored to the N,S-CNTs was done.
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Figure 4-13 STEM ADF image of ZNMCO/N-CNT-[16:1:24:1]-An sample. The red box
outlines the area for EDX analysis of nanoparticles anchored onto the N-CNTs. The green box

outlines the area for EDX analysis of a cluster of nanoparticles.

Figure 4-14 shows the XPS spectra for the ZNMCO/N,S-CNT-[16:1:24:1] electrode. The
survey spectrum (Figure 4-14a) shows peaks for Zn, Ni, Mn, Co, O, F, and C. Although Ni and
Co are present, the accuracy of the quantitative analysis is low because of the small amount of Ni
and Co relative to Zn and Mn. Additionally, the Ni peak significantly overlaps with the F KLL
Auger peak at a binding energy of 861 eV. High-resolution spectra of Zn 2p, Mn 2p, Ni 2p, Co
2p, Mn 3s, and O 1s are provided in Figure 4-14b-e.

The O 1s spectrum (Figure 4-14f) can be fit to three peaks; M-O-M (~530 eV), M-O-H
(~532 eV), and C-O (~535 eV) bonds. Lattice oxygen and hydroxide bonds make up the majority
of the O 1s spectrum [102], [107], [108], [122]. The O 1s spectrum analysis correlates to the
analysis for the ZNMCO/N-CNT-[16:1:24:1]-An electrode (Chapter 3.3.2.2).

The Zn 2p and Zn LMM Auger peaks (Figure 4-14h-i) were analyzed to confirm the
valence of Zn. The Zn 2p spectrum corresponds to the Zn 2ps/2 and Zn 2p12 peaks at binding
energies of ~1022 eV and ~1045 eV, respectively. The Zn LMM Auger peak can be fit to a
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kinetic energy of ~988 eV. These results confirm that ZnO is present, which means that Zn has a
valence of 2+ [33], [107], [109].

The F KLL Auger peak (861 eV) contributes to about 90 at% of the Ni 2p spectrum; thus
the certainty in the Ni analysis is low. The Ni 2p high-resolution peak (Figure 4-14g) can be
deconvoluted to Ni 2+ and Ni 3+ peaks, giving an average valence of 2.4 (Table 4-5). The high-
resolution spectrum for Co 2p3.2 (Figure 4-141) can be fit to the 3+ multiplet peaks, giving Co a
valence of 3.0 (Table 4-5), although it should be noted that the spectrum is noisy so the analysis
must be viewed with caution.

The Mn 2p and Mn 3s peaks were utilized to determine the valence of Mn (Figure 4-14;-
k). Deconvolution of the Mn 2p3» peak gives an average valence of 3.4 (Table 4-5). As
previously mentioned, the Mn valence can also be determined from the peak splitting of the 3s
peaks; however, the Mn 3s spectrum overlaps with Zn 3p spectrum. As such, there is uncertainty
in the results. The peak splitting for the Mn 3s spectrum is 4.2 eV, which corresponds to a
valence of 4+ [95], [97], [101], [102], [122]. The Mn 2p results are likely more reliable, so the
Mn valence is a mix of 4+ and 3+. XPS analysis for the ZNMCO/N-CNT-[16:1:24:1] electrode
(Section 3.3.2.2) gave an average valence of 3.7 based on the Mn 3s spectrum and 3.4 based on
the Mn 2p spectrum. The results are, therefore, similar for both the N-CNT and N,S-CNT

electrodes.
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Figure 4-14 XPS spectra and fittings for ZNMCO/N,S-CNT-[16:1:24:1]. (a) Survey spectrum,
(b) Zn 2p, (c), Ni 2p, (d) Mn 2p, (e) Co 2p, (f) O 1s, (g) Ni 2p, (h)-(i) Zn 2p, (j) Mn 2p, (k) Mn
3s, and (1) Co 2p high-resolution spectra.
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Table 4-5 XPS analysis from high-resolution spectra. The average valences are calculated based

on at% of each valence.

Ni2p 3/2 Co2p3/2 Mn 2p 3/2 Mn 3s
Sample 2+ 3+ Average 2+ 3+ Average 2+ 3+ 4+ Average P?a%{ Average
(%) (%) Valence (%) (%) Valence (%) (%) (%) Valence Sp(l;:?)ng Valence
ZNMCOIN,S-
CNT- 57.3 42.7 24 0.0 100.0 3.0 0.0 592 409 34 4.2 4.0
[16:1:24:1]

A combination of the SEM, TEM/STEM and XPS results was used to identify the
metallic oxide for the ZNMCO/N,S-CNT-[16:1:24:1] electrode. Electron diffraction showed a
structure similar to hetaerolite (ZnMn20s), which is a tetragonal spinel phase. SEM EDX
analysis gave an overall Mn:Zn ratio of ~1.4:1 and a similar (Mn+Co):(Zn+Ni) ratio. XPS
analysis provided valences for Zn and Ni of 2+, a Co valence of 3+, and a mixed valence of 3+
and 4+ for Mn. There are two possible chemical formulas for the metallic oxide. One possibility
is (Zn,Ni)(Co,Mn),04, where the Mn has a valence of 3+. The other possibility is a
Mn(Zn,Ni);04 where Mn has a 4+ and the other metallic elements have 2+ valences. This is also
supported by the Mn:Zn ratio, which is less than 2, indicating substitution from other elements
and/or a mixed Mn valence [106]. This means that Zn 2+ and Ni 2+ are likely in the tetrahedral
lattice sites, while Co 3+ and Mn 3+ and Mn 4+ are in the octahedral lattice sites. These
microstructural characterization results match with the results in Chapter 3 (Section 3.3.2.2). The
addition of S to the N-CNTs does not increase the valences in the tetra-metallic oxide. Overall
there are no microstructural differences between the tetra-metallic oxide anchored onto the N-

CNTs and the N,S-CNTs.

4.4. Conclusions
Doping of S onto N-CNTs was achieved by thermal treatment with thiourea. The best tri-
metallic oxide (NMCO/N-CNT-[1:9:4]) and tetra-metallic oxide (ZNMCO/N-CNT-[16:1:24:1])
compositions, from Chapter 3, were then successfully anchored onto N,S-CNTs and impregnated
into a porous, carbon-based gas diffusion layer (GDL). Unannealed and annealed samples of the

NMCO/N,S-CNT-[1:9:4] and ZNMCO/N,S-CNT-[16:1:24:1] electrodes were investigated.
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Comparing the performance of the N-CNTs and the N,S-CNTs, without the metal oxide catalyst
showed that co-doping S onto the N-CNTs improved catalytic activity and battery performance
relative to the N-CNTs alone. The N,S-CNTs improved ORR and OER catalytic activities to -
0.178 V and 0.7 V, from -0.200 V and 0.80 V vs. Hg/HgO, respectively. The battery efficiency
at 20 mA/cm? improved from 51.4% to 53.3%, with major improvement to the OER potential.
The NMCO/N,S-CNT-[1:9:4] unannealed electrode had an onset ORR potential of -0.137
V, an efficiency of 53.6% at 20 mA/cm? during rate testing, and a maximum power density of
95 mW/cm?. Annealing of the NMCO/N,S-CNT-[1:9:4] electrode improved the performance to
-0.096 V, 55.5%, and 107 mW/cm?, for the onset ORR potential, efficiency at 20 mA/cm?, and
maximum power density, respectively. These results were comparable to the electrochemical
performance of the NMCO/N-CNT-[1:9:4] electrodes in Chapter 3. The maximum power of the
NMCO/N,S-CNT-[1:9:4]-An electrode was higher than that of its counterpart on N-CNTs.
The ZNMCO/N,S-CNT-[16:1:24:1] unannealed electrode had an onset ORR potential of
-0.168 V, an efficiency of 56% at 20 mA/cm? during rate testing, and a maximum power density
of 100 mW/cm?. Annealing this sample, ZNMCO/N,S-CNT-[16:1:24:1]-An, improved the
catalytic activity, to -0.109 V, decreased the maximum power density (85 mW/cm?), and
produced a similar battery efficiency at 20 mA/cm? of 55.6%. Comparison with the ZNMCO/N-
CNT-[16:1:24:1] electrodes showed that the results were not significantly different; however the
maximum power density of the ZNMCO/N-CNT-[16:1:24:1]-An electrode was higher than that
of the ZNMCO/N,S-CNT-[16:1:24:1]-An electrode, by about 40 mW/cm?.
The bifunctional cycling test, at 10 mA/cm? for 200 cycles, for the NMCO/N,S-CNT-
[1:9:4] electrode showed stability and OER potential improvement when compared to the
equivalent test done on the NMCO/N-CNT-[1:9:4]-An electrode. The overall efficiency (after
cycling) of the NMCO/N,S-CNT-[1:9:4] electrode was ~55%, while the NMCO/N-CNT-
[1:9:4]-An electrode had an overall efficiency of ~52%. Comparison of the ZNMCO/N,S-CNT-
[16:1:24:1] and ZNMCO/N-CNT-[16:1:24:1]-An electrodes bifunctional cycling tests did not
show a significant difference between the electrodes, with efficiencies ~54% and ~56%,
respectively. The best performing electrodes were the NMCO/N,S-CNT-[1:9:4] and the
ZNMCO/N-CNT-[16:1:24:1]-An electrodes.
The performance increase for the NMCO/N,S-CNT-[1:9:4]-An electrode is attributed to

the increased Co valence, as a result of S-doping. This effect was not observed for the
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ZNMCO/N,S-CNT-[16:1:24:1] electrodes, since Co was already at a valence of 3+ in the
ZNMCO/N-CNT-[16:1:24:1] electrodes. Overall, co-doping S onto N-CNTs had little to no

effect on the electrochemical performance of the impregnated metal oxide/N-CNT catalysts.
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5.0. Conclusions and Future Work

5.1. Conclusions

This thesis explored different catalysts to improve the air-electrode performance in zinc-
air batteries. A wide range of Ni-Mn-Co and Zn-Ni-Mn-Co oxides, based on previous work in
our group and a design of experiments (DOE), were anchored onto N-CNTs were prepared and
impregnated into a porous carbon gas diffusion layer (GDL). These catalysts showed promising
advantages versus similar literature studies as well as previously studied catalysts in our group.
In an attempt to improve these results sulfur was doped onto the N-CNTs (N,S-CNTs) and the
best tri- and tetra-metallic oxides were decorated onto the N,S-CNTs. The following sections

will go into further detail on the achievements of each study.

5.1.1. Tri- and Tetra-Metallic Work on N-CNTs

Tri-metallic, Ni-Mn-Co oxides (NMCO) and tetra-metallic, Zn-Ni-Mn-Co oxides
(ZNMCO), determined from previous work and a DOE, anchored onto N-CNTs were
successfully synthesized and impregnated into a porous, carbon-based gas diffusion layer (GDL)
using a simple method. The NMCO/N-CNT-[1:9:4]-An electrode had the best rate testing
efficiency of 58.4% at 20 mA/cm?, while the NMCO/N-CNT-[1:5:1] electrode had excellent
maximum power density of 116 mW/cm? out of the tri-metallic oxides. The best performing
tetra-metallic oxides were the ZNMCO/N-CNT-[16:1:24:1]-An, which had an efficiency of
57.2% (at 20 mA/cm?) and the ZNMOC/N-CNT-[1:1:5:1]-An electrode had a maximum power
density of 134 mW/cm?. Compared to Pt-Ru/C catalysts these performance specifications
compare positively. Stability and OER potential during bifunctional cycling of the Ni-Mn-Co
oxides improved with the addition of Zn. After 200 charge/discharge cycles at 10 mA/cm?,
ZNMCO/N-CNT-[16:1:24:1]-An maintained an efficiency of 56.4%. Both tri-metallic and tetra-

metallic oxides outperformed Pt-Ru/C during cycle testing.

5.1.2. Tri- and Tetra-Metallic Work on N,S-CNTs
Co-doped S and N CNTs (N,S-CNTs) were successfully synthesized. Tri-metallic (Ni-
Mn-Co) and tetra-metallic (Zn-Ni-Mn-Co) transition metal oxides compositions previously

determined (Chapter 3.0) were then successfully anchored onto N,S-CNTs and impregnated into
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a porous, carbon-based gas diffusion layer (GDL). Comparison of the previously studied oxides
on N-CNTs and the equivalent oxides on N,S-CNTs microstructural characteristics do not show
significant differences. However, the electrochemical results show significant improvement to
the tri-metallic oxides, while the tetra-metallic oxides show no or negative effects. The best
performing samples were the ZNMCO/N,S-CNT-[16:1:24:1] with an efficiency of 56.0% at 20
mA/cm?, and the NMCO/N,S-CNT-[1:9:4] with a maximum power density of ~95 mW/cm?.
These results are comparable to the reference catalyst Pt-Ru/C. The addition of sulfur to the Ni-
Mn-Co oxide improved the maximum power density by about 10 mW/cm?, as well as positively
impacted the NMCO bifunctional cycling performance by lowering the OER potential (2.05 V),
giving an overall efficiency of 55.1% for 200 charge-discharge cycles at 10 mA/cm?.
Bifunctional cycling tests of the Zn-Ni-Mn-Co oxides showed little to no improvement with the
co-doped CNTs. Additionally, annealing of the tetra-metallic oxide on N,S-CNTs negatively
impacted the OER potential during full-cell rate testing. The negative impact the sulfur doped N-
CNTs have on the tetra-metallic oxide could be from the addition of Zn with Ni-Mn-Co, or the
significantly decreased amount of Co compared to the Ni-Mn-Co oxide tested. Both tri-metallic

and tetra-metallic oxides outperform Pt-Ru/C during bifunctional cycling.

5.2. Future Work

5.2.1. Optimization of Impregnation Technique

The impregnation technique was previously designed in the Ivey group. This method was
optimized based on transition metals anchored onto N-CNTs. However, the impregnation
technique could be further optimized based on the specific materials used. For example, the N,S-
CNTs used in Chapter 4.0 could perform better by optimizing the total amount of catalyst salt
added, different amount of N,S-CNTs, time GDL is soaked in the solution, etc. As stated
throughout Chapter 4.0 sulfur has a positive impact when paired with Co-based catalysts. The
tetra-metallic oxide studied in Chapter 4.0 had a very low amount of Co salt added during
synthesis. Therefor it would be worth further investigating more Ni-Mn-Co and Zn-Ni-Mn-Co
oxides on N,S-CNTs to study the effect sulfur has on various amounts of metal oxides.

Additionally, sequential impregnation with different catalysts could show synergistic
effects and positively impact the electrode during bifunctional cycling. Studying different

methods of sequential impregnation e.g., impregnating the microporous layer and then the
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macroporous layer of the GDL with the same or different catalyst solutions. Impregnating both
layers of the GDL is currently being done within our group.

Further optimization of the transition metal oxide may be worth pursuing. This could
include trying different metal salt contents and/or trying five or more metal salts to create a high
entropy alloy. Preliminary investigation was done into a Fe-Zn-Ni-Mn-Co oxide on N-CNTs
(FZNMCO/N-CNT) with metal salt ratios of 1:1:1:1:1. Full-cell rate testing revealed an
efficiency of ~54% and a good OER potential of 2.02 V, at 20 mA/cm?, which are comparable to
ZNMCO/N-CNT results in Chapter 3.3.2.1. Testing different metal ratios could improve the
efficiency and cycling behaviour.

Studies have used heteroatom doped graphene combined with nanoparticles as
bifunctional catalysts with some success. Taking this concept and doping the porous carbon GDL
with heteroatoms and impregnating the heteroatom doped GDL with transition metal oxide
nanoparticles decorating heteroatom CNTs could further improve the bifunctional properties of

the air electrode.

5.2.2. Heteroatom Doped CNTs

Thiourea was used as a precursor for sulfur doping N-CNTs. The amount of thiourea
used was optimized while the amount of N-CNTs added remained constant. It would be worth
further investigation into the optimal ratio of thiourea to N-CNTs to maximize the amount of
sulfur being doped on the N-CNTs. Trying a different approach to obtaining co-doped CNTs
with S and N could also be investigated.

Doping multiple heteroatoms produces synergistic effects. Heteroatoms have different
electronegativities than carbon, which improve catalytic activity through charge separation and
transfer effects [123]. Wu et al. had round trip bifunctional efficiency of ~57.5% for 200 cycles
at 10 mA/cm? with N, F, P-ternary doped carbon nanofiber catalysts [43]. Additionally, B has the
ability to affect the carbon valence which can lead to a reduced activation energy, improving the
reaction kinetics at the air electrode [91]. Ali et al. [91] produced a Co phosphide on B, N, and
P-doped CNTs that exhibited good long term stability at -0.25 V vs. RHE for 15 h with little to
no performance degradation. Investigating different heteroatom co- or tri-doped CNTs combined
with transition metal oxides and the impregnation technique could prove beneficial for

rechargeable ZABs.
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