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ABSTRACT

Metal-air batteries are characterized by a high energy density with relatively simple
and safe chemistry which makes them suitable for many applications, especially the ones
requiring flexibility. These energy storage devices consist of one metal electrode, an air
electrode, which enhance the oxygen evolution and oxygen reduction reactions (OER and
ORR, respectively), and an electrolyte. The air electrode is lighter than most metal electrodes
present in batteries; therefore, these batteries have a high energy density. However, the most
critical problem this technology faces involves the air electrode design, especially because
of the requirement of a bifunctional catalyst for both OER and ORR.

Here, the enhancement of the catalytic activity of silver nanoparticles impregnated on
carbon nanotubes (CNT) for OER and ORR using polyhydroxy fullerene (PHF) is discussed,
as well as the methodology needed for an experimental demonstration of this hypothesis. The
electrochemical tests demonstrated that silver nanoparticles from 60 nm to 70 nm were
successfully impregnated over the CNT buckypapers and the electrode was stable over
several cycles. The nanocomposite Ag-PHF was also successfully impregnated, but the
electrode was not as stable as the electrode with only Ag nanoparticles. However, the higher
current achieved by the Ag-PHF electrode confirmed the hypothesis that the presence of PHF
enhances the catalytic activity of silver nanoparticles. The implications of our findings in the
improvement of materials for Zn-air batteries is discussed. This study contributes to the
worldwide efforts of the scientific community to develop flexible, small and light batteries

and may be a starting point in the use of PHF for this application.
KEYWORDS:

Flexible air electrode; Zn-air batteries; silver nanoparticles synthesis; PHF; cyclic

voltammetry; XPS; galvanostatic charge-discharge; UV-vis.



RESUMEN

Las baterias de metal-aire se caracterizan por su alta densidad energética y una
composicion quimica segura y sencilla. Estas caracteristicas las hacen apropiadas para
diversas aplicaciones, especialmente aquellas que demandan flexibilidad. Estos dispositivos
de almacenamiento de energia consisten en un electrodo de metal, un electrodo de aire que
permite la reduccion y evolucion de oxigeno (ORR y OER, respectivamente), y un electrolito.
El electrodo de aire es mas liviano que la mayoria de electrodos metalicos usados en baterias
convencionales, lo cual resulta en una alta densidad energética. Sin embargo, el problema
mas importante que enfrenta esta tecnologia es el disefio de este electrodo, especialmente

porque se requiere un catalizador que pueda favorecer ambas reacciones (ORR y OER).

En el presente estudio, se discute la mejora de la actividad catalitica de nanoparticulas
de plata impregnadas sobre nanotubos de carbono (CNT) para OER y ORR mediante el uso
de fullerenos hidroxilos (PHF). También, se presenta la metodologia requerida para la
demostracion experimental de esta hipotesis. Las pruebas electroquimicas demostraron que
las nanoparticulas de plata (60 nm - 70 nm) fueron impregnadas satisfactoriamente sobre
CNT vy el electrodo fue estable a través de varios ciclos. EI nanocomposito Ag-PHF también
fue impregnado satisfactoriamente, pero la estabilidad de este electrodo no se equiparé con
el Ag-PHF. Sin embargo, la corriente que alcanzo fue mayor. Esto confirma que la presencia
de PHF mejora la actividad catalitica de las nanoparticulas de plata. Adicionalmente, se
discuten las implicancias de nuestros descubrimientos en la mejora de los materiales para las
baterias de Zn-aire. Este estudio contribuye a los esfuerzos de la comunidad cientifica para
desarrollar baterias flexibles, pequefias y livianas. Ademas, es el inicio del uso de PHF para

esta aplicacién
PALABRAS CLAVE:

Electrodo de aire flexible; baterias de Zn-airel; sintesis de nanoparticulas de plata; PHF;

voltametria ciclica; XPS; carga-descarga galvanostatica; UV-visible.
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INTRODUCTION

“The important thing is not to stop questioning.”

- Albert Einstein

Up to 2020, an increase in more than 50% in wearable devices acquisitions in
comparison to 2016 is expected [1]. This market trend shows the interest of big industries in
the development of flexible components for these devices, including energy storage devices
such as batteries. Even though there has been a great advance in this field, a continuous
improvement in the design and efficiency of batteries is sought.

Among the many types of energy-storage devices evaluated as candidates to achieve
the flexibility needed, metal-air batteries have become very promising due to their high
energy density with a relatively simple and safe chemistry [2]. There are plenty of metals
suitable for this application, being the most common lithium, magnesium, aluminum and zinc

13].

This study focuses on zinc-air batteries because of their high energy density [2], low
price [4], [5], and abundance in the continental crust [6], especially in Peru as the third zinc
exporter worldwide [4]. Even though the scientific work on the field is considerable, there
are still some challenges to overcome. One of the most critical problem this technology faces
involves the air electrode design, especially because of the requirement of a bifunctional
catalyst for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) [7].
Therefore, this thesis explores the theory behind the use of different materials as flexible air
cathodes to evaluate their catalytic activity and the resulting impact they may have on the
performance of flexible Zn-air batteries. Moreover, it discusses the suitability of the tested
materials for this application. Specifically, the materials explored are carbon buckypaper
impregnated with a) silver nanoparticles, and b) silver nanoparticles with PHF. The methods

evaluated for synthesizing silver nanoparticles were the Frens method and one developed by



the groups of Juan Carlos Rodriguez-Reyes at UTEC and Vijay Krishna at Cleveland Clinic,
using PHF as reducing agent, which size determination could be estimated using UV visible
light spectroscopy. The air cathode was built by impregnating these nanomaterials over a
carbon nanotube (CNT) paper, which acts as current collector and support. The
characterization is carried out via X-ray photoelectron spectroscopy, while the catalytic
activity towards OER and ORR was determined by cyclic voltammetry. The stability over
time was tested through galvanostatic charge-discharge tests. The literature review showed
PHF as a stabilizer for noble-metal nanoparticles, moreover, it is hypothesized and proved
that PHF can also be used as reducing agent in the synthesis of noble-metal nanoparticles,
more specifically, silver nanoparticles, thus, enhancing its catalytic activity towards ORR
and OER.

Scope

The present work involves the experimental comparison of the performance of
different nanoparticles-based materials as flexible cathodes for Zn-air batteries, for which a
previous establishment of a suitable method for the experimental evaluation of these flexible
cathodes is presented.

The proposed methodology includes the specifications of the synthesis of silver
nanoparticles and its impregnation over CNT buckypapers for the flexible cathode building,
as well as the characterization techniques and the electrochemical tests for the performance
evaluation of the cathodes in terms of catalytic activity and stability over time. The selected
characterization techniques were X-ray spectroscopy (XPS) for the characterization of the air
cathode and UV-visible absorption spectroscopy (UV-vis) for determining the size of the
silver nanoparticles synthesized. The electrochemical tests proposed for the performance
evaluation are open circuit potential, cyclic voltammetry and galvanostatic charge-discharge
test. Other electrochemical methods, such as polarization curves and rotating disk electrodes,

are excluded for the analysis of this work. Moreover, the test of these electrodes in a battery
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prototype as well as an economic evaluation and market comparison are out of the scope of
this study.

The presented work is done in the Research Group of Juan Carlos Rodriguez-Reyes
at the Universidad de Ingenieria y Tecnologia (UTEC), with the support of the Research
Group from Applied Electrochemistry of the Universidad Nacional de Ingenieria (UNI) in

charge of Adolfo de la Rosa Toro Gomez.

Background information

There are plenty of synthesis and assembly methods for flexible air electrodes found
in the literature [3]. However, the most direct and simplest method is to grow a gas diffusion
and catalytic layer over a current collector [8]. The materials most widely used have been
carbon-based current collectors due to the stability of their structures, high conductivity and
light-weight. However, other materials like nano-silver ink for printing [9], titanium [10] and
stainless steel mesh [11], have also been used with good battery performances. For example,
the stainless steel mesh used showed more binding capability to the catalysts than carbon-
based materials due to its mechanical strength [12]. The advantages and disadvantages that
each current collector gives have been an important part of some studies. In this work, carbon

nanotubes (CNT) in the form of buckypaper are employed as current collectors.

One of the limiting factors in the development of Zn-air batteries is the lack of
efficient bifunctional catalysts for oxygen evolution and reduction reactions in the air cathode
[13]. Therefore, the scientific community has been working on the synthesis of new stable
catalysts. Noble-metal oxides are highly active for OER and have a good metallic
conductivity, however, they are expensive in comparison to other materials. There have been
also considered transition metals oxides, which are not as expensive as the noble-metal
oxides and possess semiconducting properties [2]. Many of these materials are combined
along with different synthesis methods in the search of more efficient materials for the air

cathode of Zn-air batteries.
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Silver is a noble metal which has been reported to be an effective catalyst for ORR
due to the reduction reaction involving four electrons (as will be described below), similar to
platinum catalysts. However, silver presents difficulties in the adsorption of oxygen
molecules, therefore, scientists usually combine this noble metal with other materials to
improve the catalytic activity of silver [14]. There are many synthesis methods available for
preparing silver particles and impregnating them over the conductor layer and gas diffusion
layer (GDL), like the hydrothermal method, pulsed layer deposition method,
reduction/adsorption, among others. A summary of the performances of some Zn-air batteries
developed using Ag-based catalysts in the air cathode synthesized with different methods,
can be found on ANNEX 1.

Some studies used sodium borohydride and sodium citrate for the synthesis of
catalysts containing silver for reduction activity in alkaline media with notable results. An
Ag/C catalyst was developed using a citrate-protecting method; its ORR activity was found
to proceed through a four-electron pathway [15]. Then, a Co-based phthalocyanines on silver
nanoparticles supported on carbon which ORR activity was higher than Ag catalysts and Co-
based phthalocyanines on carbon [16]. Furthermore, a Ag-Cu alloy was synthesized using

sodium citrate as complexing agent [17].

This study used the synthesis protocols developed by Research Group of Juan Carlos
Rodriguez-Reyes [18], [19], which used sodium citrate as reducing agents for silver
nanoparticles synthesis. Moreover, this study used polyhydroxy fullerene (PHF) as surfactant
and to enhance the catalytic activity of the silver nanoparticles for OER and ORR, which
synthesis method is going to be the subject for another publication. These synthesis methods,
to the best of the author’s understanding, have not been used for this application before.

Moreover, this study proposes the use of carbon nanotubes buckypaper as current
collector and support for the catalyst, due to its light density and conducting properties. Other
outstanding characteristics from this material are its conductivity and hydrophobicity. These
makes it suitable as base for the air cathode. On the other hand, its porous structure has proved
to be a good base for the catalyst deposition and for avoiding the agglomeration of

nanoparticles.
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Justification

Modern electronics is a developing field that has reached a point in which the
competition on low cost and improved performance is ever-increasing. Therefore, nowadays
companies are focusing on other attributes to increase the value of their products, with
flexibility standing out among others due to the variety of fields requiring this property [20].
These fields include, but are not limited to, wearables for commercial and biomedical
applications [21], [22], optoelectronic devices [23], and soft robotics [24]. Among the

devices needed for the development of these fields are batteries for energy storage.

One overlooked aspect of flexible electronic devices is that the batteries powering
them must also have this bending attribute. Among the many types of energy-storage devices
evaluated as candidates to achieve the flexibility needed, metal-air batteries have become
very promising due to their high energy density with a relatively simple, safe chemistry.
These devices differentiate themselves by having the cathode outside the battery, because
they use oxygen from air as agent for electrochemical reactions [2]. The need for flexible
batteries and the impact of novel battery materials and architectures is then the motivation of

the present project.

Despite the fact that the energy-storage devices market is dominated by lithium-ion
batteries, it seems that this technology has reached its maximum development peak, and
further improvement could bring only an additional 30% increase in energy density [25].
Thus, metal-air batteries are a promising replacement for Li-ion batteries in applications
where high energy density is needed. The main parameters evaluated for efficient batteries
are high open-circuit voltage (OCV), operating voltage, energy efficiency, specific capacity,
energy density, power density, and cyclic stability [2]. Commercial devices feature different
values depending on the type of cell. LiCoOz2 / graphite pouch cell values, for example, are
reported around 140 mA h gt and 3.85 V vs. Li/Li* [26]. In this lithium-predominant context,

this alkaline metal as anode material for metal-air batteries was evaluated because of his high
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specific energy of 5928 W h kg™ and high cell voltage of 2.96 V [2]. However, Li-air batteries
had many drawbacks and limitations like cost and scarcity. The trend in lithium prices seems
to be stabilized between 4000 and 5000 USD/ton from 2009 to 2015, with a drop in 2011 to
3879 USD/ton [5]. Just to mention a few examples, lithium prices in October, 2017 were

more than twice the zinc prices, as well as 9% more than cupper prices [4].

Lithium supply has been an important topic of discussion because of its importance
for technological development and the fear caused by its scarcity. There is almost 10 ppm of
lithium in the continental crust, while there are some other rare metals which are ten times
more easily found [6]. Moreover, the demand of lithium is predicted to rise annually 16% in
the following five years, mainly because of the increase in demand of batteries for
transportation [27], but without a productive capacity able to sustain this demand growth,
despite the possibility of matching the need in terms of extraction of raw material [28], the

price of lithium will increase even more.

For the further development of metal-air batteries and their establishment in the
industry, the fabrication cost is important; therefore, predictions of lithium costs are not
favorable [5]. Moreover, the lack of production capability and scarcity in the Earth’s crust
[6] have pushed scientists to look into alternative metals for this technology. More
specifically, in Peru the extraction of lithium presents many difficulties in the current
sociopolitical framework for the exploitation of the huge deposits of lithium that were found
in Puno in 2018. Therefore, other materials should be considered and zinc seems promising
due to its high specific energy and volumetric energy density. Moreover, it represents a good
opportunity for the development of technology in Peru using proper natural resources, since
it is the first exporter of this metal in the region and third in the world. Zinc deposits are
estimated to contribute with 60.1 million of fine metric tons of production for 2050 in Peru,
which would mean 170 thousands of millions of USD in sales [4]. Zn-air batteries have a
notable performance, but in order to compete with the Li-based batteries, a further
development must be done. This type of energy-storage devices has different improvement

possibilities in each of their parts, nonetheless, the most critical problem this technology faces
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is regarding the air electrode design, especially because of the need of a bifunctional catalyst
for ORR and OER [7], reactions that will be explained in following chapters.

In this sense, the present thesis will be focused on the advantages and opportunities
regarding the design of air electrodes, making emphasis in the performance of certain
materials in order to help the worldwide efforts of scientists in the development of Zn-air
batteries technology. Specifically, this thesis tests previous developed synthesis methods of
silver nanoparticles as catalysts for Zn-air batteries and will explore the potential of other
silver-based nanoparticles. This work is framed in the need for doing research using the
metals and minerals abundant in our soil as a demonstration of the possibility to produce high

technology in Peru, not only the exportation of metals or mineral concentrates.

General objective

Evaluate the performance of nanoparticles supported on carbon papers as novel
flexible air-cathodes for Zn-air batteries through the use of electroanalytical methods for
studying the oxidation-reduction cycles and of characterization techniques for confirming the

stability of cathodes throughout these cycles.

Specific objectives

e Prepare different nanoparticles-based materials to be used as air cathodes for
Zn-air batteries.

e Conduct open circuit voltage, cyclic voltammetry and galvanostatic charge-
discharge tests to evaluate the performance of the materials as air cathodes.

e Use X-ray photoelectron spectroscopy and UV-visible light spectroscopy to
understand the behavior of materials during their preparation and use as

cathodes.
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1 CHAPTERI
THEORETICAL FRAMEWORK

1 UNCONFERENCE RULE
“Whoever shows up are the right people. ”

- Tim O’Reilly

This chapter presents a literature review on Zn-air batteries and the main challenges
this technology presents with a focus on materials for the air cathode. Also, an analysis of
the approaches for improving the performance of flexible air cathodes by changing its
materials is presented. Furthermore, it describes the theoretical basis which allows the
establishment of a methodology for the experimental analysis of the proposed materials for

air cathodes.

In this sense, the structure of this chapter starts with a general description of batteries,
with emphasis on metal-air batteries, which is the focus of this work. Afterwards, a general
description of silver nanoparticles as catalysts for ORR and OER and its potential in air
cathodes is given. Finally, general information about the characterization techniques and

electroanalytical methods widely used for the evaluation of cathodes is presented.

1.1  Working principles of batteries

Batteries are electrochemical cells which use reduction-oxidation (redox) reactions to
generate electricity. Among them, galvanic or voltaic cells produce an electric current with
the transfer of electrons from spontaneous reactions [29]. These cells or group of cells are
commonly named batteries. This defer from electrolytic cells, which need external electric
energy in order to produce these reactions in the opposite direction of spontaneous reaction
[30].



The redox reaction taking place in the battery involves a reductive agent and an
oxidizing agent, which are contained within the battery structure, whether as an electrode or
as an electrolyte. The electrodes are a cathode (positive electrode) and an anode (negative
electrode), which undergo the redox reactions and generate ions in the process. Electrolytes
a medium for containing this ions, which also help as a pathway for balancing ionic charges
[29].

1.1.1 Cell potentials

The spontaneous flow of electrons in an external circuit from the anode to the cathode
is caused by the higher potential energy of electrons in the anode. The difference in the energy
per electric charge is denominated potential energy and is measured in volts (V). Then, the
cell potential will be the difference of the potentials from the electrodes in the cell. Therefore,
this cell potential will depend on the redox reactions within its electrodes, the concentrations
of the reactants and products, and the temperature at which these reactions take place [31].

To standardize these values, the reactions at 25°C with 1M of reactants concentrations
or 1 atm of partial pressure (in case of gases) are considered with respect to the standard
hydrogen electrode (SHE), which has been given an arbitrary value of 0.0 V. In this sense,
the reduction reactions of different electrodes against the SHE at standard conditions are
evaluated and the cathode-anode cell potential is then made equal to that of the novel
electrode. Based on the previous explanation, the potential of galvanic cells will always have
a positive value of cell potential, whereas in an electrolytic cell the potential is negative. [31].
In this sense, rechargeable batteries work as galvanic cells during discharge and as
electrolytic cells during charge. The different types of batteries are explained in the following

subsection.

To evaluate the performance of a battery there are several parameters to take into
consideration. These are high open-circuit voltage (OCV), operating voltage, energy
efficiency, specific capacity, energy density, power density, and cyclic stability [2]. The first
one refers to the potential differences between electrodes, adding to the analysis the effects

of the liquid-junction potential resulting from the interaction between electrodes and the



electrolyte [32]. The subsequent parameters are a normalization of capacity, energy and
power using the weight of a battery, thus, allowing a comparison among batteries from
different materials and sizes. Finally, cyclic stability refers to the stability a battery has upon

many charge and discharge cycles and after how many of them, the battery starts to decay.
1.1.2 Classification of batteries

Batteries are classified in two main groups: primary and secondary. The main
difference between them is that the primary batteries can only be used once since they act
only as galvanic cells, which means that they are nor rechargeable devices, while the
secondary batteries are rechargeable devices as they at as galvanic and electrolytic cells [33].

Other characteristics of these types of cells are described in Table 1.1.

Primary batteries Secondary batteries

Lower cost Higher cost

It is not rechargeable. Allows savings because it can be use more than once.
Disposable Recharge and maintenance needed.

Commercial ones are smaller and lighter. Research is being done on the improvement of

energy density and size of batteries.

Commercial ones present longer life time and | Research is being done in longer life time and better

capacity. capacity of secondary batteries.

Table 1.1. Differences between primary and secondary cells.
Source: T. Stobe. Classification of Cells and Batteries [34].

Nowadays, the market is dominated by primary batteries. The Battery Association of
Japan shows that, from January to September of 2018, 59.32% of the sales from batteries
have been from primary batteries, while 40.68% form secondary batteries [35]. However,
due to the advantages that secondary batteries represent and the advances in science, the

demand on secondary batteries is increasing.



Furthermore, considering the multiple characteristics of batteries and the difference

among them, a more specific classification is needed. Amid the many types of batteries seen

in the market and on research, there are the ones listed in Table 1.2.

The focus of this work is metal-air batteries; therefore, the next sections will deepen

into their working principle, and into the advantages and disadvantages of this type of battery.

Half Cell voltage | Energy density Ongoing
Type . Comments
yp reactions V] [MJ/kg] research
Zn-carbon Zn/Zn?* Recovery  of
dry cell MM 15 0.13 Tends to leak out metals
= Like Zn-C cells
. Zn/Zn%* . . IR f
S | Alkaline n/zn” | 15 0.5 but with alkaline | ~oooveY O
P Mn3*/Mn metals
g electrolytes
= Rechargeable
. M/M™ Lighter than | and
Metal-air 1.0-24 4.68 —4.32 .
' O,/OH" many batteries performance
improvement
Nickel- Ni2*/Ni®* 12 0.14 Jelly-roll design | Increase
£ | cadmium Cd/Cd** ' ' for reducing size | stability
[5]
o Pb/Pb?* Caution with | Increase
> | Lead-acid 2.2 0.14 . -
8 ! Pb2*/Pb** disposal stability
c
I . . . |
§ Lithium- LiMOa/Li1- 36 0.46 Most common in r:rp;;?\rfance
“ |ion MO +xLi* ' ' the market P
and reduce costs

Table 1.2. Examples of primary and secondary batteries, including some characteristics of their working
principle and performance.
Source: Own elaboration based on data from [33], [36], [37].




1.2 Metal-air batteries

Metal-air batteries have the potential of having high specific energy and energy
density, therefore, a great scientific effort is being done on its development [37]. Among the
metals tested for this application, zinc has driven the attention of researchers due to its
theoretical capacity, relatively high stability in agueous and non-aqueous alkaline
electrolytes and price. There are many metal-air batteries designs, which are summarized in
Figure 1.1. The use of liters and kilograms for expressing the energy density is for
complementing, while the first one is based on the volume of the device, the latter is based

on its mass.
Primary Zn-air Secondary Zn- Primary Al-air Primary Mg- SZELT]%Z arr_?_ Secondary Fe-
batteries air batteries batteries air batteries A atte)r/i e air batteries
Botton cells Mechanically ; i
Saline Electrically
| 2\9\?h/1<%0 rechargeable || electrolyte For uunstlersea | | Development rechargeable
- Anode 600 Whk 3400 Whk 60-75 Wh/k(
650-1000 L eplacement o kg 2700 Whkg 9 100 Wh ,kgg
Wh/L * Zinc powder
100-225
— Whkg
Prlszrr;gtgzéells e i For ulTstiersea || Li-water
Whik 2200 Whk
380-460 \?th_ rechargeable 640 Whikg g
« Bifunctional
air electrode
Hybrid MnO, w  130-180 Alkaline
cells \{\ég/kl%o Wh/L electrolyte With polymer
= 350-400 = 200-250 -
+ Metal foam electrolyte
Whikg negative Whk
420-600 Wh/L 100 Whikg 150-200 Wh/L
Industrial cells und('a:r(\)/\r/ater
200-300 e
= Whikg =  provision
265 Whikg
225-330 Wh/L 265 WhiL
Cylindrical
b= 250-350
Whikg
Canless cell
- 350-400
Whikg

Figure 1.1. Diverse designs for metal-air batteries and its energy density based on their anode material.
Source: T.B. Reddy & D. Linden. Linden’s Handbook of Batteries [37].



1.2.1 Working principle

Metal-air batteries differ from others since there is no need to store one of the
chemicals (oxygen), which comes from the air. This results in a battery with an open cell
structure. For this reason, they potentially have a high energy density. Many metals and alloys
can act as anode, and depending on them and their reaction mechanisms, the batteries have

different architectures and components to satisfy the anode’s needs [7].

The air-cathode is different from regular battery cathodes in that it needs to allow the
oxygen flow from the outside in, to later facilitate or catalyze the reactions known as oxygen
reduction and oxygen evolution reaction (ORR and OER, respectively). Its weight is also
important for contributing to the high energy density. The most common configuration
consist of a hydrophobic GDL and a moderately hydrophilic catalyst layer for ORR and OER
[7]. According to [2], GDL has four important functions:

i.  Provides physical support for the catalyst or catalyst layer.
ii.  Promotes a uniformly distributed transportation of O2 to and from the catalyst.
iii.  Prevents aqueous electrolyte from leaking out.

iv.  Provides a pathway for current collection.

Therefore, GDL should be thin, conductive, highly porous, and hydrophobic.
Scientists are focusing their search for air-electrodes in nonprecious alternatives, such as

carbon-bases materials [38], in the aim of reducing costs.

In order to achieve a conventional electrical recharge, two materials are needed: one
to favor ORR and another for OER. However, this would increase the size and weight of the
battery. Therefore, a bifunctional air-cathode is preferred [2]. Regarding the catalytic activity,
the kinetics of ORR and OER stunts the scientists due to the unpredictable reactions. The
reduction of oxygen may take two different pathways: the four-electron and the two-electron
mechanisms, which are shown in Equation (1.1)jError! No se encuentra el origen de la
referencia. and Equation (1.2)jError! No se encuentra el origen de la referencia.

respectively. From both, two-electron mechanism is not preferred due to the poisoning that



the electrolyte of carbon material may cause [2]. On the other hand, the four electron
mechanism has a higher energy efficiency due to the higher amount of electrons involved.

The latter one is predominant on noble metals [39].

0, + 2H,0 + 4e~ < 40H™ (11)
0, + H,0 + 2¢~ < HO; OH- (1.2)
There are also many ways to arrange these different parts therefore, many
configurations have been explored in metal-air batteries, such as primary, reverse, electrically
rechargeable, and mechanically rechargeable ones. The principle of a mechanical recharge is
the replacement of the discharged anode, this means that it basically acts as a primary battery
[37].

Among the main classification that is used for these energy-storage devices, is the
one based on electrolyte type. There are two main types or electrolytes: aqueous and solid-
state electrolytes. Aqueous electrolytes use many solvents; however, some like the aprotic
ones are degraded with moisture[7]. Even though the aqueous electrolytes are currently more
common, scientists are working on the development of solid-state electrolytes. There are two
methods to build them. The first one is to impregnate basic functional groups into polymer
backbones with a single phase. Examples of this are alkaline anion-exchange membranes.
The second method consists in the incorporation of alkaline salts into an inter polymer matrix,
like gel electrolyte membranes [60]. In further subsections, current challenges in solid-state
electrolytes for Zn-air batteries is explained.



1.2.2 Advantages and disadvantages

Even though this battery system has many positive aspects to suit the needs of certain
applications, as it was discussed in the INTRODUCTION Chapter, they have also

disadvantages. These properties have been summarized in Table 1.3.

Advantages Disadvantages

High energy density Dependent on environmental conditions
Flat discharge voltage Limited operating temperature range
Long shelf life H, from anode corrosion

Low cost Carbonation of alkali electrolyte

Table 1.3. Advantages and disadvantages of metal-air batteries.
Source: T.B. Reddy & D. Linden. Linden’s Handbook of Batteries [37].

As it was explained previously, the high energy density is due to the lack of storage
of the element needed for the reduction, since this is collected from the air and the use of
non-bulk metal electrode which is typically lighter than the ones used in the market; as a
result, the weight of the battery is significantly reduced. The low cost is also related to the
“lack” of an electrode. Usually, electrodes are pieces of metals or alloys in a bulk phase. In
air-electrodes, however, the electrodes are a gas diffusion layer (GDL) with metals or alloys
as catalysts impregnated in the form of nanoparticles or particles from smaller size, as
explained in the previous subsection. As a result, the price of the battery is usually determined
by the price of the anode [37].

Among the disadvantages of this kind of batteries is the strong dependence on
environmental conditions, such as temperature and moisture. Even though many batteries are
susceptible to these conditions, in the case of metal-air batteries, its effect are felt in a stronger
way due to the need of oxygen from the environmental air for its functioning. This is strongly

related to the limited operating temperature range [2].

Besides the redox reaction which is the principle of operation for a galvanic cell, there
are other reactions that may take place thus reducing the performance of the battery. The

hydrogen evolution reaction leads to the production of Hz gas which results in the corrosion



from anode [40], which is explained in more detail in the following section. This reaction is
favored because many standard reduction potential of metals are below the one of hydrogen
evolution [2]. The carbonation of alkaline electrolytes results in the presence of carbonate
particles on the air-cathode, which decreases its performance by blocking the access of Oa.
It takes place due to the presence of carbon dioxide in the air, the carbonation of the
electrolyte may change the conditions inside the cell [2]. Nowadays, researchers are working
in the overcoming of the disadvantages in order to make this technology suitable for certain

applications.

As it was explained in the previous section, there are many metals which were
analyzed as anodes for metal-air batteries. The first one was lithium, due to the market
domain of Li-ion batteries nowadays. However, this component has certain issues such as
high cost, low rate of recycling and scarcity: Even some countries such as Peru have
demonstrated reserved of this metal, extraction often involves sociopolitical problems and

therefore the availability is not favored.

There are many other materials that can be used for this application, such as aluminum
and magnesium. However, they also present some drawbacks like low coulombic efficiency,
irreversibility, and high self-discharge rate. In order to present a better behavior, an alloy
between these materials and other metals are done, which increases the cost of the battery.
Therefore, and due to the high zinc production in the country, zinc was chosen as anode for

the battery in the current work.



1.2.3 Zn-air batteries

Zn-air batteries have four main components: An air electrode, which is mainly
composed of a GDL with a suitable catalyst, an alkaline electrolyte, a separator and a zinc
anode. The atmospheric oxygen diffuses through the air cathode and its reduced to hydroxide
ions (ORR), as shown in Equation (1.3). In the case of a battery with a liquid electrolyte, this
happens at a three phase reaction site, since molecular oxygen is a gas, electrolyte a liquid,
and the catalyst a solid. During charging, the hydroxide ions react with zinc forming zincate
(Zn(OH)4>) ions at the anode. These ions then decompose into insoluble zinc oxide (ZnO).
The oxygen evolves (OER) and the zinc deposits in the cathode surface [2]. This process is

shown in Equation (1.4).

0, + 2H,0 + 4e~ < 40H™, E = 0.40 V vs SHE (1.3)
Zn+ 20H~ & ZnO + H,0 + 2e~, E = 0.8 V vs SHE (1.4)
2Zn + 0, < 2Zn0, E = 1.2 V vs SHE (15)

Where

SHE stands for Standard Hydrogen Electrode;
E potential [V]
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Figure 1.2. Reactions taking place in Zn-air batteries during the (a) charge and(b) the discharge of the battery.

Source: Own elaboration based on T. B. Reddy & D. Linden. Linden’s Handbook of Batteries [37].

Even though all Zn-air batteries work under the same principle, there are several
characteristics that impact in their performance. The two most important are the materials
that made up each of their parts, and the different configurations these main parts can be
arranged. Since the materials of the cathode is the focus of this work, it is going to be
addressed in more details in other sections. The configuration Zn-air batteries may have, is

discussed in the following subsection.
1.2.3.1 Design and architecture of batteries

There are three main configurations in which Zn-air batteries can be divided, each of
them have been built prioritizing different attributes. For example, conventional planar
configurations were designed to prioritize high energy density, while Zn-air flow batteries
were designed for a longer operational lifetime compared to the conventional planar
configurations [2]. In the case of flexible batteries, they are designed, as their name suggest,

for devices where this characteristic is needed like for optoelectronics, soft robotics,

11



wearables, among other applications that have been previously discussed. Last but not least,
multi-cell configuration gives higher voltage than the previous discussed models.

a) Conventional planar batteries

Among the planar configurations, the most common one is the button type battery,
which is typically build with zinc metal powder as anode and potassium or sodium hydroxide
electrolyte, the silver oxide cathode is used to catalyze the OER and ORR. A cutaway view
of this configuration is presented in Figure 1.3, but with silver oxide as cathode instead of a

membrane for air collection [37].

I— Top cap

Zinc anode

Barrier/separator

Silver oxide
cathode

T

bddbbbbbbbbitdl  Botom
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Electrodes

Sealing gasket

Figure 1.3. Cutaway view of typical Zn/Ag-0 button type battery. (a) Transversal view where it can be seen
the air flow to the bottom cap and all the layers up to the top cap, and the electric separation between the
electrodes by an ionically conducting layer. (b) Upper view where it can be seen that the electrodes are in the
center of the battery, the sealing gasket avoids leakage, and the cap protects the inner layers while acting as
current collector.

Source: Own elaboration based on T. B. Reddy & D. Linden. Linden’s Handbook of Batteries [37].
The electrodes are placed into caps, which act as current collectors, and they are
electrically separated by a disk of cellophane or grafted polymeric membrane, which is also
an ionically conductive layer, allowing the redox reactions previously explained to take place
[2]. This type of configuration is designed to be anode limited, which means there is more
cathode capacity than anode capacity, in order to avoid the formation of zinc-iron or zinc-
nickel couples between the anode and the cathode that could later origin hydrogen gas

formation [37].

Another typical configuration is the prismatic one, which is shown in Figure 1.4. This
configuration differs from the button cell in three aspects: Its shape, the conductive current
collectors inside the plastic chasing, and external tabs for the electrodes.

13



Positive feed-

Cathode/separator
through and tab

Seal laminate

|

Anode

B
o

Negative feed- Anode current
through and tab collector

Figure 1.4. Schematics of prismatic primary Zn-air battery
Source: Own elaboration based on R. Putt, et al. Advanced Zinc-Air Primary Batteries [41].

The easiest way in which researchers build these cells for tests is by combining plastic
plates and gaskets fastened together, for a quick assembly and disassembly [2]. Their
configuration can be horizontal or vertical [42]-[44]. The advantages of having a horizontal
configuration are the better current distribution in the zinc anode and easier oxygen removal

from the air electrode. However, it can be seen that it could generate an electrolyte loss due

to evaporation [2].

14



b) Flow batteries

As its name suggests, this configuration has an electrolyte channel through which it
circulates, as shown in Figure 1.5 in order to increase performance and avoid degradation.
This configuration brings improvements in the functioning of Zn-air batteries, but it also
brings complexities. The flow of the electrolyte removes unwanted solids from the air-
electrode and improves the current distribution, as a result, there is a decrease in the dendrite
formation, a challenge that is going to explain in the next section. However, this configuration
increases the complexity in assembly and disassembly and increases the energy density and

specific volume[2].

Figure 1.5. Schematic representation of Zn-air flow battery configuration, which is characterized by a channel
for electrolyte flow.
Source: Based on J. Fu, et al. Electrically Rechargeable Zinc-Air Batteries: Progress, Challenges, and
Perspectives [2].

15



C) Flexible batteries

Research on this configuration of batteries is ongoing due to the needs presented in

the wearables market, optoelectronic devices and soft robotics, as explained in the previous

chapter. Figure 1.6 presents a general schematic of this flexible configuration, since there are

many designs that have been developed, there are summarized in Table 1.4 a summary of

different types of configuration found in the academia.

Air cathode Zn anode

Positive current
collector

Solid-state
electrolyte

Negative current
collector

Figure 1.6. General schematic of flexible Zn-air battery
Source: Own elaboration based on J. Fu, et al. Electrically Rechargeable Zinc-Air Batteries: Progress,
Challenges, and Perspectives [2].

Components Design Ref.
Zn/cellulose film gelled with KOH/C0304-NCNT Quasi-solid state [45]
Zn/KOH with Zn acetate/nanoporous carbon ]

) ) All-solid state [46]

nanofiber films
Zn/Hydroxide-conductive nanoporus cellulose o )

) Hair-like array of air-electrode [11]
film/Co0304-NCNT/SS
Zn/PPY/MWCNT/BSA Bio-compatible battery [47]
Zn/gel polymer electrolyte All-solid-state cable-type with spiral anode | [48]

Table 1.4. Examples of flexible batteries configurations in academia.
Source: Own elaboration based on data from [45] [46] [11] [47] [48].
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d) Multi-cell configuration

This type of configuration is used when a higher voltage is needed, which can be
accomplished using two different arrangements. In the monopolar arrangement, the zinc
electrode is placed between two air electrodes and the cells are repeated and then connected
in series through external connections. The bipolar arrangement connects zinc electrodes of

adjacent cells through electrically conductive bipolar plates with air-flow channels.
1.2.3.2 Previous investigations and current challenges

As it was explained before, Zn-air batteries have four different parts and each one of
them present opportunities for improvement, which are going to be briefly described in this

section.

In the case of the zinc anode, its morphology is the key for a better inter-particle
contact and lowering internal electrical resistance [37]. Many shapes such as powders [49],
spheres [50], flakes [51], ribbons [52], fibers [53] and foam [54] have been studied. Some
efforts are been made to increase the anode’s surface area without increasing the corrosion,

for which many alloys have been studied [55].

J. Fu and coworkers described four major phenomena which limit its performance,
these are summarized in Figure 1.7. One is related to the influence of the shape of the anode
on the battery performance. The increase in density of the electrode reduces the capacity.
Dendrites are sharp, needle-like metallic lumps that may form during charging due to a
gradient in the concentration of Zn(OH)4? during reduction. They can fracture and disconnect
or break the separator and cause a short-circuit [2]. Several options have been considered for
avoiding dendrite growth, including different charging modes and electrolyte management,
where flow battery configuration have proven to be effective [56], the use of discharge
trapping electrode additives such as Ca and Al to hold the Zn(OH)4? close to its original

position near the zinc anode [57], [58].
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Figure 1.7. Schematic representation of performance-limiting phenomena in zinc anode. (a) Dendrites may
form during charging due to a gradient in the concentration of Zn(OH)4? during reduction. (b) Shape change.
(c) Precipitation of ZnO onto de zinc surface caused by the solubility limit of Zn(OH).?. (d) Hydrogen
evolution is formed because it is thermodynamically favorable.

Source: J. Fu, et al. Eectrically Recheargeable Zinc-Air Batteries: Progress, Challenges, and Perspectives [2].

It is often the case that an insulating film is formed on the surface of the zinc anode
due to the precipitation of ZnO onto de zinc surface caused by the solubility limit of
Zn(OH)+%, thus hindering the migration of ions for charge-discharge cycles. This
phenomenon is called passivation. In order to avoid this, and to lower the zinc anode
resistance, scientists are studying the effects of carbon-based additives such as carbon black
[59]. As explain in previous subsections, hydrogen (Hz) formation is thermodynamically
favorable in most metal-air batteries because of the difference among the anode reduction
potential and hydrogen evolution potential. In this case in specific, the standard reduction
potential of Zn/ZnO is-1.26 V SHE, which was explain at the beginning of the section and is
shown in Equation (1.5), and the hydrogen evolution reaction potential is -0.83 V SHE,
shown in Equation (1.6). Since, Hx evolution potential is closest to zero, it is

thermodynamically favorable [2].

Zn + 2H,0 = Zn(OH), + H,, E = —0.83 V vs SHE (1.6)
Regarding electrolytes, research efforts are driven towards electrolytes with superior
ionic conductivity and reducing their vulnerability to carbon dioxide, in order to prevent the
formation of carbonates which may block pores from the air electrode. Recently, solid-state

electrolytes have drawn the attention of scientists because of the combination of mechanical
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properties from solids and the ion conductivity of liquids [2].One of the challenges when
dealing with this type of electrolyte is the interfacial resistance to hydroxide ions transporting
over the catalyst surface, which is caused by their their poor wetting properties. In order to

solve this problem, the improvement of interfacial properties is sought [2].

Due to the nature of rechargeable Zn-air batteries and the air cathode, the focus of the
proposal in this thesis is an electrode which must be bifunctional. This means it must be
suitable for both ORR and OER. Furthermore, it must be stable and with a wide potential

working range.

Nowadays, there is a need for increasing the stability of cathodes towards oxidation
potential and under alkaline electrolytes. On the other hand, metal-based GDL had shown a
higher electrical conductivity and better Stability towards electrochemical oxidation [2]. It
has been recorded that a uniform distribution of micropores in GDL alleviate the negative

influence of the change in porous geometry [60].

Therefore, using silver supported on carbon as catalyst is a promising arrangement

for an air cathode.

Carbon materials have shown to be good supports which help increasing the number
of active sites at the electrode/electrolyte interface, thus, helping in the reaction. Moreover,
they show catalytic activity for ORR. However, it has a low OER catalytic activity and has
shown to be susceptible to corrosion in this reaction. There are three breakthroughs that have
been made from carbon materials which has shown good catalytic activity: Metal-organic
framework, hybridizing graphene with CNT and coupling inorganic nanomaterials with

functionalized carbons [2].
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1.3 Synthesis of silver nanoparticles

There are numerous catalysts which have been used for ORR and OER, among low-
cost metals and non-metallic catalysts. Silver nanoparticles stands out for their ORR activity
and excellent corrosion resistance in alkaline electrolytes [61], [62]. Therefore, their

synthesis have been extensively studied and various techniques have been developed [63].

There are two approaches for growing nanoparticles: bottom-up and top-down. The
first one involves the use of a precursor to form metal atoms which nucleate to form particles
in the nanoscale size; this includes methods like chemical synthesis, chemical synthesis
assisted by radiation, photochemical synthesis, and electrochemical synthesis [64]. The top-
down approach, where metal is broken down by shear forces to form nanoparticles, is mainly
based on physical growing [65]. From both chemical reduction, is the most widely used for
silver nanoparticles synthesis. Sodium citrate is used for silver- and gold nanoparticles
formation [66]. In this case, the reduction of silver takes place as shown in Equation (1.7),
the sodium citrate acts not only as a reducing agent but also as a capping to favor the repulsion

of nanoparticles in order to avoid agglomeration [18].

12AgNO; ., + 14CeHs0,Nas
- 12Ag0, + 15CsH,05Nay ) + 9CO + 12NaNOs . 1.7)

+ 5H,0
For this method, reducing- and stabilizing- agents are needed. Generally, sodium
borohydride, sodium citrate, hydrazine and ascorbic acid are used as the reducing agents and
poly(vinyl alcohol), poly (vinylpurrolidone) cetyltrimethylammonium bromide and
sodiumdodecyl sulphate are used as stabilizing agents [67]. In this method, the reduction of
silver ions take place in controlled conditions to reduce the probability of nucleation. These

conditions include:

)] Use of low concentrations of silver ions and reducing agent.
i) A correct stirring speed, not too slow for a slow dilution of silver solution and
not too fast for clashing silver nuclei.

iii) The use of a stabilizing/capping agent to favor repulsion of nanoparticles.
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The stability in nanoparticle formation may occur through two types of mechanisms:
Steric and electrostatic repulsion. Steric repulsion occurs when polymers and non-ionic
surfactants are adsorbed on the surface of the nanoparticle. In this case the repulsive forces
depend on the thickness of the layer formed by the surfactant. In the second mechanism, the
nanoparticles are terminated by ions of the same charge, which favors repulsion. A common
example is citrate [68] and borohydride [69] surface charge of the disperse phase can be
enhanced by ionic surfactant addition providing the electrostatic protection of the
nanoparticles from adhering between them [70]. In this sense, sodium citrate is an example
of electrostatic repulsion mechanisms and polydroxy fullerene (PHF) is an example of the

steric repulsion mechanism, as long as it is in a molecular, not ionic, state.

PHF is a fullerene (C60, an allotrope of carbon) which is terminated with hydroxyl
groups after a chemical treatment, which structure representation is shown in Figure 1.8, and
has shown to be promising in many applications in the field of medicine [71]. Functionalized
fullerenes have been reported to reduce oxidative stress by scavenging reactive oxygen
species and to possess antioxidant properties [72]. It has also been used to accelerate
photocatalytic degradation of contaminants [73]. K. Kokubo, et al. demonstrated that PHF
could be used as unimolecular mimic of oxidized carbon materials used as support for gold
nanoparticles [74]. These ligands have an effect on the size of the synthesized nanoparticle
and their electronic properties could enhance the catalytic activity of the nanoparticle [75].
M. Islam, et al. demonstrated that stabilized gold nanoparticles by fullerenes enhanced the
photocatalytic degradation of methyl orange and the catalytic reduction of 4-nitrophenol [76].
For these reasons, it is hypothesized that PHF can be used as reducing agent in the synthesis
of silver nanoparticles at the same time it acts as stabilizer and enhance its catalytic activity
towards ORR and OER.
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(OH),

Figure 1.8. Representation of the chemical structure of polydroxy fullerene.

The formation of silver nanoparticles is strongly affected by the concentration of the
reducing agent, the pH of the solution, the boiling time, the temperature and the stirring speed
of the reactants. The correct pH of the solution depends on the reducing agent and the
synthesis method, and has a direct effect on the particle’s size and form. The use of sodium
citrate results in a slower reduction reaction and the particles are angled towards aggregation;
notwithstanding, its use is less toxic in comparison to other reducing agents [66].

1.4 Characterization methods for cathode materials

The focus of the proposed study is the development of materials for the air-cathode;
as such, the developed material will need to be characterized in order to make a further
analysis for a correlation between their properties and performance. Thus, in the following
sections, the main characterization techniques commonly used are described. While
ultraviolet - visible absorption spectroscopy (UV-vis) has been used for the determination of
nanoparticles size and the distribution of sizes in solution, before the impregnation, X-ray
photoelectron spectroscopy (XPS) is a surface analysis technique used to determine the

material’s composition.
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1.4.1 Ultraviolet and visible absorption spectrometry

The absorption of light from different species is unique, therefore, it can be used for
qualitative and quantitative analysis of organic and inorganic compounds and materials [77],
including nanoparticles. In this technique, samples are illuminated with electromagnetic
waves from different wavelengths in the range of visible and ultraviolet spectrum and the
transmitted rays are recorded to form a spectrum. Usually, what is plotted in this analysis is
the absorbance (4;), which is defined as the negative logarithm of the transmittance (T;.).
Moreover, this technique gives information about the concentration of a sample in
accordance of the Lambert-Beer law, which is showed in Equation (1.8):

A, (1.8)
c=—
ed
Where
c concentration in a sample given in mol L;
£ extinction coefficient given in L cm™ mol?; and

d path length given in cm [78].

Metallic bonds formed on the surface of these materials are compared with plasma
because of the free electrons in the conductive band surrounding the nuclei. The collective
excitation of the electrons near the surface of the nanoparticles is known as surface plasmon
resonance (SPR). These electrons are limited to specific vibrational modes by the size and
form of the particle, which means that the colors displayed are usually different from the bulk
form of the metal. This means that each metallic nanoparticle presents a unique optical

absorption spectrum in the UV-vis range of light [79].

In this sense, a solution containing nanoparticles displays a unique UV-vis spectrum
and helps to determine the size, size dispersion and concentration of the nanoparticles in the
solution. The peak position is related to the particle size, the full width at half maximum is

related to the dispersion of this particle size and the absorption peak indicates the
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concentration of nanoparticles of this specific size [18]. Studies have work on relating these

characteristics form metallic nanoparticles [80].
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Figure 1.9. Interpretation of UV-vis spectrum for nanoparticles. The wavelength (in blue) gives information
about the particle size, absorbance (yellow) gives information about concentration, and width (green) gives
information about the dispersion.

1.4.2 X-ray photoelectron spectroscopy

XPS is one of the most often applied techniques in the characterization of solid
surfaces [81] because it provides information on the composition of the sample, the chemical
environment and oxidation states of the different elements. In this sense, it can determine the
presence of silver over the air-cathode, the oxidation state in which it is presented before and

after electrochemical tests.

This characterization technique is based on the photoelectric effect by which the
energy of a photon is absorbed by an atom and, as a result, an electron is rejected with a

specific kinetic energy. This process is described by the Equation (1.9).

Ek = hV—Eb - (1.9)
Where

Ej, the Kinetic energy of a photoelectron in eV;
h the Planck’s constant 4.14 x 10 eV s [82];

v frequency of the incoming radiation in Hz;
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Ep binding energy of the photoelectron with respect to the Fermi level of the sample in
eV,

7 work function of the spectrometer in eV [83].

Usually, the X-ray sources are Mg Ka and Al Ka, whose energies (hv) are set to
1 253.6 eV and 1 486.3 eV. Therefore, hv in Equation (1.9) is a known, controlled value.
The intensity of photoelectrons is measured as a function of their kinetic energy. With this
information, the binding energy can be found using Equation (1.9). Usually, the results are

plotted in graphs which show the intensity of photoelectrons against E;, [83].

The chemical environment affects the kinetic energy of the rejected electron,
therefore, this technique can give information regarding the chemical state of the elements in
the sample. For example, previous research in our group demonstrated that a silver
nanoparticle attached to a thiol-containing molecules showed a signal of pure silver and Ag-
S in XPS [84].

Additional to the peaks obtained due to the photoelectric effect, there are also some
peaks observed that are originated by Auger electrons. Even though some peak values from
Auger electrons are already reported and well known, one way to differentiate them from
those caused by the photoelectric effect, is to perform a measurement in a sample with two
different X-ray sources. These electrons have fixed energy, this means they are independent
from the X-ray source; therefore, the Auger peaks will appear shifted on the binding energy
scale [83].

The equipment used for this test is presented in Figure 1.10. As can be seen, the
sample is bombarded with X-rays and the photoelectrons ejected from the sample are

colected and directed by the lenses to the analyzer [85].
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Figure 1.10. Schematic representation of an XPS system
Source: Own elaboration based on C. Cushman, et al. Trends in Advanced XPS Instrumentation [85].
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1.5 Electroanalytical methods

Electroanalytical methods are the ones used to examine an analyte based on
oxidation-reduction reactions, and are commonly used to analyze the behavior of an electrode
and test its performance. These methods can be classified into two groups: interfacial
methods and solution methods. The first main group focuses on the phenomena that take
place between the electrodes and the solution next to it; while the second group isolates the
solution from the interfacial effects. The interfacial methods group can be further divided
into static and dynamic methods. The main difference between these two subgroups is the
possibility of controlling the current in the cell, since the static methods do not use a current
for the test, while the dynamic methods do [77]. A summary of the methods presented in this

section is found in Table 1.5.

Test Parameters studied Variables Nature
Open circuit potential Potential [V] Electrodes and electrolytes | Static
Current [A] Dynamic
Redox process
Galvanostatic charge-discharge | Capacity [Ah] Current density [MA Cm'z] Dynamic
Table 1.5. Summary of electroanalytical tests.
Source: Own elaboration based on [2], [37], [77], [86]-[90].

Cyclic voltammetry Applied voltage [V]

1.5.1 Open circuit potential

The open circuit potential (OCP) is the electrode potential at which there is no current
flow [91]. The measured OCP is the sum of the potential differences in the interfaces of a
cell [92] at a non-equilibrium state [32]. This value is measured over time to determine the
stability of the electrode potential over time. This value is firstly used to determine the start
potential of further electroanalytical tests, like cyclic voltammetry. Moreover, its value gives

a first sight of the voltage of a battery, since the other electrode has a known potential [32].
1.5.2 Cyclic voltammetry

Voltammetry is a group of electroanalytical methods in which the current is measured
as a function of an applied voltage under conditions that promote the polarization of the

analyte, for which the electrodes are as small as possible (in the order of a few millimeters)
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[77]. Polarization is one of the two phenomena that increase the potentials from the Nernst

Equation when exposed to a current, as it can be seen in Equation (1.10).

RT 1.10
E=E°——InC (1.10)
nkF

Where

E potential difference in V;

E° potential difference under standard conditions in V;
universal gas constant 8.316 J mol™* K*;

T temperature in K;

n number of mol of electrons transferred in the reaction;
Faraday constant which is equal to 96 485 C mol*

C reaction quotient [86].

The type of cell for the voltammetry test varies depending on the analyte and the type
of voltammetry. The most common one is the three-electrode configuration, which has four

main components that are shown in Figure 1.11:

a) Electrolyte solution: Consists of the analyte and a supporting electrolyte
dissolved in a solvent (typically water).

b) Working electrode: Is the electrode to be tested (made of the material under
investigation). Its potential is varied respect to the reference electrode.

c) Reference electrode: Electrode with a known, constant potential throughout
the whole test. As explain before, the potential of an electrode must be
measured against another electrode. Even though potentials are often reported
vs. SHE, there are other electrodes which are simpler to handle, such as
calomel and platinum.

d) Counter electrode: It is often a coil of platinum wire and is the one which

closes de circuit with the working electrode.
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H Electrolyte solution

Reference electrode T Working electrode

Figure 1.11. Schematic representation of an electrochemical cell for voltammetry
Source: Own elaboration based on N. N. Elgrishi, et al, A Practical Beginner’s Guide to Cyclic Voltammetry
[87].

The input signal for the voltage DC can be either of the four types: linear scan,
differential pulse, square wave, or cyclic voltammetry. Only cyclic voltammetry, which pulse
is shown in Figure 1.12, is going to be explained in this section, as it is part of the proposed

methodology.

Voltage [V]

Time [s]

Figure 1.12. Voltage vs. Time excitation signals in cyclic voltammetry
Source: Own elaboration based on D.A. Skoog, et al. Fundamentals of Analytical Chemistry [77].
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As its own name suggests and can be seen in the excitation signal from Figure 1.13,
the cyclic voltammetry allows the study of reduction and oxidation processes, and electron
transfer-initiated reactions. Usually, a cyclic voltammogram shows an arrow for the
reduction process, the US convention shows the potentials in a decreasing way, while the
IUPAC convention shows them in an increasing way [87], in the present work, the IUPAC

convention is used.

Time [s]

Anodic

-200

Current [A]

Cathodic

-400

-600

-800x10° |

-01 0.0 0.1 0.2 03 0.4 05 0.6
Voltage [V]

Figure 1.13. (a) Potential vs. time waveform. (b) Cyclic voltammogram
Source: Own elaboration based on [77].

Figure 1.13 shows a cyclic voltammogram, which is taken as a reference to explain
the analysis of a voltammogram. The Figure 1.13(a) shows the potential input and Figure
1.13 (b) the system response. At the beginning, a small cathodic (negative) current is seen,
but it quickly reaches zero during a broad potential range (approximately from 0 to 0.15 V)
until it becomes more positive and an anodic current starts to develop in point B (0.15 to 0.6
V). At D, the maximum current is achieved as a) the potential determined by the Nernst
equation is reached and the equilibrium concentration is achieved, and/or b) the normal
diffusion-controlled current is delivered [77]. The current starts to decay between D and F
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because the diffusion layer grows farther from the electrode. As can be seen in Figure 1.13
(a), the potential starts to increase, but the current stays anodic until it reaches zero and a
reduction of the compounds that has been oxidized previously takes place [77]. On points C
and |, the concentration of the ions are equal on the surface of the electrode, this
means E = E;/,. This value is used to solve the Nernst equation for specific reversible
reactions. The difference between the anodic and cathodic peak is called peak-to-peak

separation when the reaction is chemically and electrochemically reversible [87].

One important parameter of this test is the scan rate, which is the velocity at which
the potential is scanned, because faster rates may decrease the size of the diffusion layer and
increase the current peaks. The Randles-Sevcik equation, shown in Equation (1.11),
describes the increase in current peak and indicates if the analyte is freely diffusing in a

solution.
i, = 2.686 10°n3/2AC° D}/ *v1/? (1.11)
Where
ip peak currentin A;
v scan rate in V s,
A electrode surface area in cm?;

D, diffusion coefficient of the oxidized analyte in cm? st

cO bulk analyte concentration mol cm [77].

In cyclic voltammetry, the catalytic activity of a material can be determined
by analyzing the onset potential of the peaks of interest and the amount of current this peaks
represent. Each peak corresponds to a reduction or oxidation reaction, depending on the
polarity of the current (cathodic or anodic). The onset potential is related to the amount of
energy required for a reaction to take place. In the case of ORR, the more positive the onset
potential is, the better the catalyst. In the case of OER, the lower the onset potential is, the
better the catalyst is The amount of current in a peak, is related to the amount of reacting

compounds, therefore, a higher peak indicates a higher amount of reacted compounds. In this
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sense, better catalysts show onset potentials closest to each other and large amount of current
in the peaks of the reactions they are enhancing [93].In the present study, this technique is
used to evaluate the catalytic activity of the silver nanoparticles towards OER and ORR, by
the identification of the potential in which this peaks are present and their intensity, as it has
been done in other studies [13], [46], [94]. When the potential is closest to zero, the energy
needed for the reaction is less, then the catalytic activity of the nanoparticles is better. The
intensity of the peak, gives information related to the amount of reacted molecules, in this

sense, the bigger the peak, the better the catalyst.

1.5.3 Galvanostatic charge-discharge test

As its name suggests, this test charges a battery and discharges it at specific current
densities rates, usually measured in mA cm2 [17]. This test shows at which current there is
a saturation, the stability of the electrode upon several cycles, as well as the capacitive and

faradaic behavior of the electrode and its capacitance [95].

When the voltage is plotted against the capacitance, the slope of the graph indicates
the capacitive or faradaic effect. In this sense, a change in the slope as shown in green in
Figure 1.14, is attributed to a faradaic effect. On the other hand, a constant and smooth slope
is attributed to a capacitive effect, as shown in red [95]. The faradaic effect is common to
batteries, while the capacitive effect, as its name suggest, is common to capacitors. The
Figure 1.14 only shows one cycle from charge-discharge test for demonstrative purposes,
after the charge, the discharge is followed as explain in the CHAPTER I
METHODOLOGY chapter, thus the sudden change in current.
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Figure 1.14. Voltage vs. capacitance graph example.
Source: Own elaboration

A plot voltage vs. time gives other type of information. An example is shown in
Figure 1.15, where the graph in blue shows a higher current density than the graph in red.
The stability of the electrode upon many cycles can be evaluated, with a drop on the voltage
over time being characteristic of an unstable electrode. The stability of the electrode is a
desirable characteristic, because it means a longer life time. On the other hand, the end of the
charging gives information about the saturation achieved in that specific current density. If it
turns flat, like the graph shown in blue, then there is a saturation; conversely, if it has a slope
as shown in red, then the saturation is not reached at that specific current density. In the
discharge part of the curve, the resistance to discharge is evaluated. If there is a smooth slope,
then there is a resistance to discharge, but a sharp slope as shown below, indicates a rapid
discharge, which is a desirable characteristic for an electrode. The change in the slope
explained in Figure 1.14, can also be seen in this type of graphs. In this case, no change in
slope is shown in the charge nor in the discharge, therefore, a capacitive effect is attributed
[95].
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Figure 1.15. Voltage vs. time graph example.
Source: Own elaboration.

As can be seen, this test gives important information about the electrode. It determines
which electrode acts as a battery electrode, and provides information about stability and
resistance to discharge, informing therefore how efficient is a proposed electrode.
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2 CHAPTERII
METHODOLOGY

2" UNCONFERENCE RULE
“Whatever happens is the only thing that could have. ”

- Tim O’Reilly

Based on the information presented in the previous chapter, new materials for air
cathodes for Zn-air batteries will be proposed, as well as a methodology for testing its
performance. These materials are silver nanoparticles, impregnated over carbon nanotube
(CNT) buckypaper (20 gsm C-grade CNT Buckypaper 12°” x 12°°, NanoTechLabs, Inc.,
Yadkinville, NC, USA) through the ink evaporation method. The synthesis of silver
nanoparticles employs sodium citrate as reducing agent and is based on the Frens method for
synthesis of gold nanoparticles [19]. Another synthesis method using polyhydroxy fullerenes
(PHF) as reducing agent is proposed, in order to form a nancomposite Ag-PHF. As reported
in literature, PHF acts as stabilizer [74] and it is hypothesized to enhance the catalytic activity
of the silver nanoparticles towards ORR and OER. The characterization methods considered
by the author for silver nanoparticles are UV-vis and XPS, essential for the analysis and a

comparison among them and the ones previously developed by the group.

After the synthesis, these materials must be impregnated onto the carbon buckypaper,
which works as current collector in the Zn-air battery. The electrode is characterized by OCP,
CV and galvanostatic charge-discharge test in neutral and alkaline media. The capacity,
catalytic activity and stability of the different proposed electrodes must be evaluated for
comparison and the establishment of the most suitable cathode for the battery. The data
analysis was performed sing IgorPro (WaveMetrics, OR, USA). This methodology is

summarized in and explained in detail in Figure 2.1 the following sections.
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Figure 2.1. Methodology flow diagram.
Source: Own elaboration.

2.1 Preparation of the air cathode

The preparation of the air cathode was done under atmospheric conditions at UTEC
facilities. The preparation process itself consists of two steps and a final characterization of
the electrode. The two steps were: the synthesis of silver nanoparticles and their impregnation
over CNT buckypapers. The characterization of the electrode was done using UV-vis and
XPS, and its performance as air cathode was tested using three electroanalytical techniques:
open circuit voltage, cyclic voltammetry and galvanostatic charge-discharge test. The

detailed step-by-step procedure is explained in the following subsections.
2.1.1 Silver nanoparticles synthesis
2.1.1.1 Frens method

This procedure was presented by M. Gakiya Teruya, L. Palomino Marcelo and J.C.
Rodriguez Reyes [19] and adapted for the following work at UTEC laboratories. This
procedure uses sodium citrate as reducing agent for the silver nanoparticles formation. As
explained in the previous section, an increase in temperature increases the reducing potential

of the salt; therefore, the boiling point is reached in this method. On the other hand, sodium
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citrate is injected in a short time in order to propitiate the fast formation of nuclei and the
subsequent slow growth. This procedure is detailed in the following lines.

A solution of 50 mL of AgNOs (99.8%, J.A. Elmer, Lima, Peru) in distillated water
at 1 mM is placed in an Erlenmeyer flask with a magnetic pill and totally covered with
aluminum foil, in order to avoid exposure to light (as showed in Figure 2.3). The solution is
heated until boiling point (100°C) and then a 500 pL solution of sodium citrate (at 99.9%,
developed by Movilab, Lima, Peru) in distillated water at 0.189 M is added at once using a
micropipette. The final solution is stirred for 20 minutes, obtaining a brownish color. Then,

this solution is microcentrifugated (with an Eppendorf® Centrifuge 5415 C). This procedure
is shown in Figure 2.2.

g
A Y

Sodium «\ 20 minutes
citrate

Figure 2.2. Schematic of the Frens method for silver nanoparticles synthesis. (a) Place of 50 mL of silver
nitrate in Erlenmeyer flask covered with aluminum foil. (b) Heat the solution until boiling point. (c) Add 500
uL of sodium citrate. (d) Stir for 20 minutes. (e) Microcentrifugate to obtain the silver nanoparticles.
Source: Own elaboration.
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Figure 2.3. Erlenmeyer flask with a magnetic pill totally covered with aluminum foil being heated for the
Frens method synthesis of silver nanoparticles.
Source: Own elaboration.

2.1.1.2 Method using PHF as reducing agent

The following procedure was developed by Juan Carlos Rodriguez-Reyes Research
Group in collaboration with Cleveland Clinic and adapted for the following work at UTEC
laboratories (work in preparation) PHF is used in the silver nanoparticle synthesis as

surfactant to enhance the catalytic activity of this catalyst.

For the tests, 5 pL of a solution of AgNO3z (99.8%, J.A. Elmer, Lima, Peru) at 1 M in
distillated water, 500 pL of a solution of PHF at 1mg mL™ in distillated water, and 495 pL
of distillated water were added to a vial covered with aluminum foil to avoid exposure to
light. Then, a shaker (Fisher VM-300) is used for stirring for 4 hours for a later centrifugation
at 5712 relative centrifugal force (RCF) for 30 minutes at 25°C. After that, the supernatant is
discarded and the pellet is resuspended in distillated water to achieve 1 mL.
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2.1.2 Impregnation of silver nanoparticles over buckypapers through the ink
evaporation method

The ink evaporation impregnation method is employed to deposit the silver
nanoparticles and PHF over the CNT buckypapers. This method involved the formation of
an ink of distillated water and isopropanol (IPA) with the silver nanoparticles and PHF for a

further evaporation. The general schematics is presented in Figure 2.4.

In the case of the impregnation of electrodes with only silver nanopaticles, a
resuspension of silver nanoparticles in 800 pL of distillated water and 200 pL of IPA (2-
Propanol, developed by J.T. Baker, TM, Madrid, Spain) at 66mM of concentration was made.
After that, the solution was sonicated using an DR-S20 Ultrasonic Cleaner 3L (Shenzhen
Derui Ultrasonic Equipment Co., Shenzhen, China) for 30 minutes at 25°C. Then, 10 pL of
the solution was added to the buckypaper. When the drop was beginning to evaporate, other
10 pL were added until 20 pL were deposited. After the 20 pL solution was deposited, the
buckypaper was left under the infrared light for 15 minutes to favor the evaporation of the

solvent. This is shown in Figure 2.5.

a b C
hv

Figure 2.4. Schematic of silver nanoparticles impregnation through ink evaporation. (a) Deposition of colloids
over the buckypaper. (b) Irradiation of light over the drop to dry the water and IPA. (c) Schematic of resultant
electrode.

Source: Own elaboration.
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Figure 2.5. Silver nanoparticles ink drying by IR light over buckypaper pasted over glassy carbon work
electrode
Source: Own elaboration

In the case of the impregnation of electrodes with silver nanoparticles synthesized
with PHF as reducing agent, a solution of the colloid is done in 200 pL of DI and 50 pL of
IPA. Each of these is stirred using he vortex. Then, 10 pL of the solution is added to the CNT
buckypaper and irradiated with IR light, followed by another 10 pL until the 250 pL is

impregnated. Stoichiometric calculation showed that we had comparable amounts of silver
in both cases.
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2.1.3 Execution of electroanalytical tests

The electroanalytical procedures are based on the procedures of the Research Group
of Applied Electrochemistry at UNI, having in consideration the equipment available in their

laboratories.
2.1.3.1 Open circuit potential

This is the first test performed to every electrode tested, to evaluate its potential and
stability over time. It is especially important to define the starting voltage value for the CV
test. The equipment used for this test is ZIVE SP2 potentiostat (WonATech Co., Ltd., Korea).
This test is done using an amplitude of 5 mV, a start frequency of 10 Hz, a medium
frequency of10° Hz and a final frequency of 10 Hz, the sample density is 50 point per

decade with current range of 20 mA for 120 seconds.
2.1.3.2 Cyclic voltammetry

All the experiments will be done in a three electrode configuration and two
electrolytes will be used for neutral and alkaline medium. In the case of the neutral medium,
the electrodes used are silver/silver chloride at 3 M as reference electrode, platinum electrode
as counter electrode, and vitreous/glassy carbon as work electrode. For the alkaline medium,
the reference electrode was a mercury/mercury oxide electrode (E = 0.165 V vs. SHE) and
the CNT Buckypaper acted as working electrode without support. All the electrodes were

cleaned with ultrapure water before using them. The set-up used is shown in Figure 2.6.
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Work electrode

Counter electrode

Reference electrode

Figure 2.6. Set-up for the cyclic voltammetry.
Source: Own elaboration

The tests in neutral medium use sodium chloride (EMSURE ACS, ISO, Reag. PhEur)
at 1M in ultrapure water as electrolyte and is performed as follows. The CNT buckypaper is
put over the work electrode using a Nafion perfluorinated ion-exchange resin (developed by
Sigma Aldrich, Darmstadt, Germany). To do it, 1 cm x 1 cm of buckypaper was cut, 10 pL
of Nafion was put over the work electrode, and then the buckypaper over the Nafion. Finally,
infrared light (IR) is used to dry the sample as shown in Figure 2.5.

Before each test, the electrode is cleaned as follows: slowly and in an 8-form, the
electrode is sanded for 60 times. Then, the tip is cleaned using an ultrasonic bath for 15
minutes in distillated water and washed with ultrapure water (PURELAB Classic, ELGA
LabWater, High Wycombe, UK). After that, an electrochemical cleaning using DY2100
Series Mini Potentiostat (Digi-Ivy, Inc., Austin, TX, USA), with a condition time of 180
seconds, a potential during condition time of -0.2V and a quiet time of 5 seconds is done.
The general settings for the electrochemical cleaning are shown in Figure 2.7.
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Figure 2.7. Settings for an electrochemical cleaning.
Source: Own elaboration.

The cleaning is followed by a blank experiment using glassy carbon cathode. The

general settings for the cyclic voltammetry in neutral media are an anodic (positive) current,

a quiet time of 5 seconds, a window from -1.2 V to 1.2 V at a scan rate of 0.05 V s with a

sensitivity of 1 x 107 for 5 cycles. These settings are shown in Figure 2.8. For the analysis

of the data, the average of all the cycles done is used, excluding the first one because the first

scan often involves conditions where the electrodes and the electrolyte are not stabilized yet.
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Figure 2.8. General settings for a cyclic voltammetry in neutral medium.
Source: Own elaboration.

The tests in alkaline medium use potassium hydroxide at 0.1 M as electrolyte and no
work electrode; instead, the CNT buckypaper (0.5cm x 6¢cm approximately) with and without
silver nanoparticles is connected directly through a female pin terminal (16-14 AWG). The
CNT buckypaper is hydrophobic, therefore, it must be wet with Nafion perfluorinated ion-
exchange resin before each test for it to be immerse in the electrolyte. At the beginning
bubbles are formed around the CNT buckypaper, likely due to the evolution of trapped air.
After 10 to 15 minutes, the bubbles disappeared and the measurements may start. For the
calculations of current density, the only area considered is the one being immersed in the
electrolyte. The equipment used for this test was ZIVE SP2 potentiostat (WonATech Co.,
Ltd., Korea).

The general settings for the cyclic voltammetry in alkaline medium are a quiet time
of 5 seconds, a scan rate of 0.02 V s with a sensitivity of 1 x 107 for 3 cycles, the initial
potential must be determined using the OCP test and, due to the small differences among the
carbon electrodes, all tests started at -0.1V in the first run. According to the IUPAC
convention, the anodic current is represented as positive. A wide potential window is use to
analyze the reactions occurring in the test, which goes from -0.5 V to 1 V. In addition, shorter

windows having in consideration the resulting peaks are taken to confirm the reactions
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occurring in the process. According to literature, these will be from -0.2 V to 0.6 V and from
0.2 V to 1 V. The results show the average of the cycles excluding the first one, except
otherwise is specified. The graphs show current and not current density because the area of

impregnation was constant in the samples.
2.1.3.3 Galvanostatic charge-discharge test

In order to evaluate the durability and stability of the cathodes throughout different
cycles, a galvanostatic charge-discharge test is done. The set-up used was the same as in CV
tests, using ZIVE SP2 potentiostat (WonATech Co., Ltd., Korea) with a three electrode
configuration (silver/silver chloride at 3M as reference electrode and platinum as counter
electrode) and sodium chloride at 0.1M as electrolyte. The general settings for this test were
a charging and discharging time of 120 seconds and a rest time of 10 seconds for 5 cycles, a
current range of 20 mA and a data acquisition rate of ImV s and 1mA. 0.16 mA, 0.2 mA,
0.24 mA, and 0.28 mA were applied to the electrode. After each test, the immersed area of

the electrode in the electrolyte was measured to determine the current density.
2.2 Methods for characterization
2.2.1 Ultraviolet and visible spectroscopy

Spectroscopic measurements were conducted using a NanoDrop® ND-1000, Thermo
Fisher Scientific INC (Waltham, MA, USA) spectrophotometer, with a xenon flash-lamp
light source with a charge device attached for the refracted beam analysis For using the
NanoDrop and analyzing the silver nanoparticles synthesized using the Frens method, the
nanoparticles are resuspended in distillated water at 33 mM and 66 mM and for each
measurement, 2 uL of sample is used. In the case of the silver nanoparticles synthesized using

PHF as reducing agent, the resuspension is done for 5 mM of concentration.

The analysis was done in a window from 200 nm and 800 nm. The points are
measured every 1 nm; however, when analyzed, the curve is smoothed and therefore the
continuous line present points every 3 nm, which is the error the results will present. The

absorbance at the maximum point is shown and the error presented corresponds to the biggest
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difference between the absorbance measured and the absorbance in the next point. The full
width at half maximum (FWHM) is calculated by measuring the difference in wavelength of
the points which represent the half of the maximum absorbance value. Only one measurement

was done per sample

2.2.2 X-ray photoelectron spectroscopy

The equipment used for this analysis is PerkinEImer 1500 XPS system (Hopkinton,
MA, USA). As every XPS, ultra-high vacuum conditions must be achieved. For this purpose,
two vacuum systems are used. The first one consists of a mechanical pump (need to find out
brand and model), two turbomolecular pumps Turbo-V60 and Turbo-V70 (Varian, CA,
USA) and finally an ion getter pump (Perkin ElImer XY Z).

The XPS is used for the analysis of the oxygen, carbon and silver states in the air
electrodes before and after each procedure. In this sense, this characterization technique is
used to analyze the CNT buckypapers, the impregnation of the silver nanoparticles
synthesized by every method over them and the effect each electroanalytical method has over

this samples.

The results presented will show the intensity in counts per second (CPS) and the
binding energy in electron-volts (eV). First, a general scan of the whole spectrum is taken to
identify the elements present in the sample, this scan is done in the range from 1100 to O.
After that, a high definition scan is done in the regions of interest, this values are shown in

Element Range [eV]
Oxygen 542 to 522
Carbon 295 to 275
Silver 382 to 362
Fluorine 699 to 679

Figure 2.9. Range of high resolution scan of X-ray photoelectron spectroscopy for oxygen, carbon, silver and
fluorine.
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3 CHAPTER II
RESULTS AND DISCUSSION

3" UNCONFERENCE RULE
“Whenever it starts is the right time. ”

- Tim O’Reilly

The results of this work show an improvement in the catalytic activity towards OER
and ORR of a model air cathode is impregnated with Ag-PHF nanoparticles, as opposed to
the same process with pure Ag nanoparticles, as shown in the CV tests. The XPS results show
that the CNT structure helps avoiding the agglomeration of the nanoparticles when
impregnated. Moreover, CV tests demonstrate a good stability and a faradaic behavior of the
cathodes, which is suitable for battery applications. These results will be discussed in more

detail in the following lines.



3.1 Preparation of the air cathode

The preparation of the air cathode consists of the synthesis of the catalyst selected,
which is silver nanoparticles and silver nanoparticles with PHF, for their posterior
impregnation over CNT buckypaper, which acts as current collector. The cathodes prepared
with Ag nanoparticles showed good stability over the surface as showed by the XPS. Due to
technical problems, which are explained in more detail during the chapter, XPS
measurements were not done on the Ag PHF cathodes.

3.1.1 Silver nanoparticles synthesis

Nanoparticles were synthesized according to the methods specified in section Silver
nanoparticles synthesis. They were characterized using visual inspection and UV-visible
spectroscopy. Since these synthesis methods have been previously done in our group, a

comparison between the data collected in this work and previous research was possible.
3.1.1.1 Frens method

At first sight, the solution of nanoparticles presented a yellowish-brownish color,
which have been extendedly observed in the literature for silver nanoparticles (Ag NPs). This
result is confirmed by the UV-vis spectrum results, which are shown in Figure 3.1 and a
summary of spectrometric data is presented in Table 3.1.
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Figure 3.1. UV-vis spectrum of silver nanoparticles synthesized using Frens method. (a) shows the spectrum
of a solutions from 33 mM of this work and previous work. (b) shows the spectrum of solutions from 33 mM
and 66 mM multiplied by 0.5 for comparison.

Source: Own elaboration
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Sample Absorbance [u.a.] Maximum X [nm] FWHM [nm] Reference
Ag NPs at 33 mM 1.168 + 0.005 436 + 3 108+ 6 This work
Ag NPs at 66 mM 1.1415 + 0.023 442 +3 111+6 This work
Previous
+ + +
Ag NPs at 33 mM 0.95 + 0.006 418+ 3 117+ 6 work [66]

Table 3.1. UV-vis characterization of silver nanoparticles synthesized using Frens method.

As it can be seen in Figure 3.1 (a) and Table 3.1, silver nanoparticles at 33 mM
synthesized in this work present a maximum wavelength of 436 nm, an absorbance of
1.168 u.a. and a FWHM of 108 nm. Compared to the nanoparticles previously prepared in
our group [66], the nanoparticles prepared in this work show greater nanoparticles size,
smaller particle size distribution and a greater intensity. The difference between both works
are of 4.31% in the maximum wavelength, a 22.95% in the intensity at the maximum
wavelength and 7.69% in the FWHM. Even though there is a change, this is small and thus

a similar behavior between this and previous work is expected.

On the other hand, Figure 3.1 (b) shows the spectrum in two different concentrations,
33 mM and 66 mM, which were synthesized to test two different nanoparticle loadings on
the carbon electrode. It will be shown that the solution 66 mM produce better electrodes,
more effective for the results in CV and charge-discharge test. As it can be seen, samples
resuspended at 33mM and 66 mM with distillated water present the same behavior. To help
its visualization, the spectrum of 66 mM is plot multiplying the data by 0.5, since the
concentration is the double of the one use for comparison with previous work. Finally, the
stability of the silver nanoparticles in colloids of DI and IPA was tested with a measurement
5 days after the colloid was formed and are shown in Figure 3.2. It is important to mention
that the impregnations were always done the same day in which the colloid in DI and IPA

was prepared. A summary of spectrometric data is presented in Table 3.2.
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Sample Absorbance [u.a.] Maximum X [nm] FWHM [nm]
Ag NPs a[t)fg’ mMin 1.1667 + 0.0019 436 +3 108 +6
Ag NPs at 33 mM in
St oA 1.0105 + 0.0035 445+ 3 120 + 6
Ag NPs a[t)IGG mMin 2.2686 + 0.0238 439 +3 114 +6
Ag NPs at 66 mM in
St 1o 2.10933 + 0.0161 445+ 3 117+6

Table 3.2. UV-vis characterization of silver nanoparticles synthesized using Frens method in colloids of
distillated water and distillated water with isopropyl alcohol.

As it can be seen, the difference between the nanoparticles synthesized in both

solvents is rather small. For the concentration of 66 mM the difference in the maximum

wavelength is 6 nm, with a difference in intensity ofaround 0.16 a.u. In the case of the colloid

at 33 mM, the difference in the maximum wavelength is 9 nm and the difference in the

absorbance is around 0.15 a.u. This represents a small difference, and along with the results
of the graphs of colloids at 66 mM, a good stability in IPA is concluded.

204

Absorbance [a.u.]

0.5+

0.0+

- 33mM suspended in DI
- 33mM suspended in DI and IPA|
- 66mM suspended in DI
- 86mM suspended in DI and IPA|

T
500

Wavelength [nm]

700

Figure 3.2. UV-vis spectrum of silver nanoparticles synthesized using Frens method in colloids of distillated
water and distillated water with isopropyl alcohol
Source: Own elaboration
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The silver nanoparticles capped with citrate have been previously studied, therefore,
a reference on the size of the nanoparticles based on UV-vis has been previously reported
[80]. That previous study is employed to determine the approximate size of the silver
nanoparticles synthesized in the present study. The maximum wavelength for the sample at
33 mM is 436 nm, according to this reference, this size corresponds to a diameter of particle
between 60 and 70 nm. In the case of the sample at 66 mM, the maximum wavelength is 442,
which according to D. Paramelle, et al., corresponds to the same range of diameter size. The

referenced work has a diameter range of 40 nm to 50 nm.

Therefore, the success synthesis of silver nanoparticles using the Frens method
previously done at UTEC laboratories was accomplished. These silver nanoparticles have a
size range of 60 nm to 70 nm, which can be clearly seen using UV-vis, and are stable in IPA
and DI solutions.
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3.1.1.2 Synthetic method using PHF as reducing agent

The visual inspection shows a difference in the excess of PHF at the end of the
centrifugation using DI. Since the PHF solution has a brownish color, it is assumed from
Figure 3.3 that sample 3 has a higher excess of PHF, which resulted in the yellowish color of
the solution; in contrast, sample 1 has a lower excess of PHF, which resulted in an almost
colorless solution. As a result, the silver particles have different behaviors that will be
discussed in the electroanalytical tests section. From now on, these three samples will be
named as AgPHF3, AgPHF2, AgPHFL1, in descending order or color intensity.

Figure 3.3. Silver particles with PHF after centrifugation using PI. 1, 2 and 3 were done with the same butch
but tuned to have different colors because of the different fraction of PHF that was successfully capped the
Ag nanoparticles, being 3 the one with less and 1 with less.

Source: Own elaboration

The Figure 3.4 shows the UV-vis spectrum of the synthesized particles, as can be

seen, no particle in the nanoscale was observed. Since the PHF solution has a brownish color,
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there cannot be a visual confirmation of the presence of Ag nanoparticles. Despite the
coloration of the solution, there is no UV-vis confirmation of the presence of Ag
nanoparticles, this could be due to an interference of the capped PHF. The presence of silver

can be determined by the electroanalytical tests and its oxidation state, by XPS.

e | — Ag NPs synthesized using PHF‘
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0.2+

0.0 T | | | T |
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Figure 3.4. UV-vis spectrum of silver particles synthesized using PHF as reducing agent.
Source: Own elaboration

3.1.2 Impregnation of silver nanoparticles over buckypapers through ink evaporation

The success of the impregnation of silver nanoparticles over CNT buckypapers is
evaluated using XPS, which shows the elements present on the surface and the oxidation
states of each one of them. The analysis is done before impregnation, after washing and after
electroanalytical tests are performed, to see the effectiveness of the different impregnation
process and the effect of the electroanalytical tests performed. The results also include an
estimation of the loading of silver per unit area.

The XPS spectra of the CNT buckypaper before and after Ag NPs impregnation show
the presence of silver in the latter case (Figure 3.5.a). This means that there is a presence of
silver in the CNT buckypaper after impregnated. Figure 3.5 (b) presents the spectrum in a
short range to appreciate better the characteristics peaks of silver. The peak at 373.8 eV
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corresponds to the binding energy of Ag 3ds. and the one at 367.8 eV, to Ag 3ds;2. These
bindings energies are in accordance with previously reported values for bulk and big silver
nanoparticles [84]. Higher binding energies would be expected in silver nanoparticles smaller
than 10 nm [96], which is not the case of the ones synthesized in this study, as described in
previous sections with the information provided by UV-vis. This impregnated CNT
buckypaper was subjected to a washing process to test the resistance of the impregnation
method upon the pressure of a fluid. As it can be seen in Figure 3.5 (b), the silver peak is not
visible in the clean CNT sample and the peaks are almost the same before and after washing,

which suggests that the impregnation is good.
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Figure 3.5. XPS spectrum from silver nanoparticles synthesized using the Frens method impregnated using
ink evaporation method using a colloid at 66 mM. (a) Shows the whole spectrum of not impregnated and
impregnated CNT buckypapers. (b) Shows a shorter range for the silver peak of silver nanoparticles after

impregnation and after washing with distillated water.
Source: Own elaboration.

The results after the washing procedures demonstrate that the silver nanoparticles are
not remove when the electrode is immersed in a liquid. XPS is also used after cyclic
voltammetry procedures to see the effect of this test on the electrode. Figure 3.6 (a) shows
the XPS spectrum of CNT buckypaper and CNT buckypapers impregnated with 66mM of
silver nanoparticles before and after performing cyclic voltammetry test in alkaline medium.
As reported before, the CNT buckypaper present peaks from oxygen and carbon. The CNT
buckypaper submitted to cyclic voltammetry shows, in addition, a fluorine peak at 689.3 eV.
The presence of fluorine is associated with the use of Nafion to immerse it in the electrolyte,
as reported in literature [97], [98]. As can be seen, only the samples after cyclic voltammetry
present this peak, because Nafion was only used on them according to the procedure
presented in the previous section. The role of the fluorine in the performance of the air
electrode has not been further investigated in the present study.
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In addition to the CNT buckypaper peak, the spectrum of CNT buckypaper
impregnated with 66mM of silver nanoparticles presents a silver peak. The difference in
intensity of the silver peak before and after cyclic voltammetry test in alkaline medium is
shown in Figure 3.6 (b). As can be seen, there is less amount of silver in the surface of the
sample after CV test. Even though it could be hypothesized that it is caused by a loss of silver
nanoparticles from the electrode, this result is not in accordance to the results presented in
CV tests. Therefore, a diffusion of the silver nanoparticles into the porous structure of the

carbon nanotubes could be the cause of the reduction in the intensity of this peak.

According to the explanation in the methodology section, the approximate loading of
silver nanoparticles over the CNT buckypaper is of 1.36x10® mol of silver per 0.1 cm x 0.1

cm of CNT buckypaper.
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Figure 3.6. XPS spectrum from CNT buckypaper and silver nanoparticles synthesized using the Frens method
impregnated over CNT buckypaper using ink evaporation method by a colloid at 66 mM before and after
cyclic voltammetry in alkaline medium. (a) Shows the spectrum of CNT and CNT-66mM before and after
cyclic voltammetry in alkaline medium. (b) Shows a shorter range for the lector to appreciate the silver peaks
before and after cyclic voltammetry.
Source: Own elaboration.

After these results, it can be concluded that the impregnation of silver nanoparticles
using the ink evaporation method was a success and that these nanoparticles are not removed
by the electroanalytical tests; however, the PHF impregnation was not evaluated using this
technique due to technical problems out of the control of the author. The performance of this
test in CNT buckypapers is difficult because of the elimination of CNTSs in ultra-high vacuum
conditions and, as a result, it interfered with the electrical signal of the XPS components. The
approximate loading of silver nanoparticles over the CNT buckypaper is of 1.36x10° mol of
silver per 0.1 cm x 0.1 cm of CNT buckypaper.
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3.2 Electroanalytical tests

The electrodes prepared are tested using cyclic voltammetry. This test allowed to
determine the presence silver particles, its oxidation and reduction, as well as the reduction
and evolution of oxygen. This test confirmed the presence of silver particles and, moreover,
its maintenance after several cycles. Also, it confirmed the use of silver as catalyst for oxygen
reduction and, in a smaller catalytic activity, for oxygen evolution. More importantly, it
showed that the silver catalytic activity is enhanced with PHF. Finally, these tests determined
the behavior of the electrode as a battery-like electrode and its stability over time.

3.2.1 Open circuit potential

As stated in the previous section, the OCP experiments were conducted for 120
seconds, and the initial and final value of the potential was taken to compare its variability
in this time. It is better to have electrodes with stable potentials over time. The data shown
in Table 3.3 indicates that the presence of silver increases the voltage of the electrode as it
contributes with the conductivity. The CNT, CNT-Ag NPs, CNT-AgPHF2 electrodes are the
most stable ones, since the variation is less than 1%. The CNT-AgPHF1 and CNT-AgPHF3
are not as stables as the others, but the variation in its voltage is still low. Therefore, we can

conclude that the electrodes prepared are stable.

Sample Initial potential [V] Final potential [V] Variation [%6]
CNT -0.0391 -0.0389 0.51%
CNT-Ag NPs 0.543 0.539 0.74%
CNT-AgPHF1 0.533 0.52 2.44%
CNT-AgPHF2 0.518 0.516 0.39%
CNT-AgPHF3 0.538 0.512 4.83%

Table 3.3. Open circuit potential results of all samples, variation shows the difference between the initial and
final potential.

3.2.2 Cyclic voltammetry

First, tests were done in neutral medium and in atmospheric conditions. The results

are shown in Figure 3.7. Glassy carbon represents the behavior of the work electrode and its
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behavior is observed to be depreciable in comparison with the samples tested and its profile
Is in accordance to previous work done [99]. At first sight, they seem to have a battery-like
behavior due to the sharp peaks observed in the CV, which are characteristic of a faradaic
process. Capacitive behavior is also observed but is not dominant, as opposed to the behavior
of a CNT buckypaper (CNT in the graph) [95], [100].

A small peak is seen near - 0.44 V, which is similar to the results previously reported
[101], therefore, the presence of carbon nanotubes in a good state is confirmed. CNT-66 mM
represents the results of the CNT buckypapers impregnated with silver nanoparticles
synthesized by the Frens method through the ink impregnation method. The oxidation cycle
presents the silver oxidation from Ag to Ag20, which is set at an onset potential of 0.06 V.
Likewise, in the reduction peak, a reduction from Ag.O to Ag is seen at -0.44 V with an early
start at -0.03 V. This peaks and the amount of current measured is related to the amount of
reactant elements. The larger peak at -0.44 V is attributed to the reduction of oxygen, which
indicates that the silver nanoparticles are acting as ORR catalysts.
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Figure 3.7. Cyclic voltammetry results in neutral medium for silver nanoparticles synthesized using the Frens
method.
Source: Own elaboration.

As confirmed with the XPS results, there is a presence of metallic silver after the
cyclic voltammetry tests and it is stable throughout the different cycles, as shown in Figure
3.8. The difference in the peaks between -0.45 V and -0.48 V are along the cycles are
attributed to the difference in the amount of oxygen in the solution, which uncertainty may
be eliminated by doing the test in O saturated atmoshphere Then, it is concluded that this
oxidation and reduction of the silver is a reversible reaction that might be useful as catalysts
for ORR [61].
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Figure 3.8. Cyclic voltammetry in neutral medium for silver nanoparticles along the different cycles.
Source: Own elaboration

The results of the cathode impregnated with silver nanoparticles are presented. Figure

3.9 (a) shows a comparison among the CNT buckypaper and the CNT buckypaper
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impregnated with silver nanoparticles. As shown in neutral medium, the CNT buckypaper
electrode shows a capacitive effect, while the one impregnated with silver nanoparticles
shows peaks corresponding to silver reactions and oxygen reactions that where analyzed in

more detail by changing the window of the cyclic voltammetry.

The first scan range starts at - 0.2 V and ends at 0.6 V, allowing an analysis on the
silver peaks shown as A and B in Figure 3.9 (b). These peaks are at 0.139 V and 0.451 V
using Hg/HgO as reference electrode. The first peak is attributed the reduction of Ag20 into
metallic silver, while the peak in the oxidation current is attributed to the oxidation of Ag
into Ag20 [61]. As these reactions have been widely studied, a comparison among the results
presented in this work and others done before is shown in Table 3.4. As can be seen, the
values presented at the table are comparable, indicating that these peaks can be attributed to
the silver reactions. Moreover, as both can be seen in this short window, indicates they are
the reduction and oxidation of the same element, making it a reversible cycle. These results
are in accordance with the XPS results, because they indicate that the silver nanoparticles
were successfully impregnated over the CNT buckypaper and their maintenance over the

cycles.

A scan range between 0.2 V and 0.9 V was used to analyze the ORR and OER
reactions, shown as C and D in Figure 3.9 (c). These peaks are at 0.427 V and 0.761 V using
Hg/HgO as reference electrode. The first peak is attributed to the reduction of oxygen, as
their potential value is comparable with other five works shown in Table 3.5. It can be
concluded that the peak at 0.761 is caused by the evolution of oxygen because of its presence
in this short window, indicating that it is the oxidation of the element which was reduced in
the peak C. In this sense, when the scan range was decreased below 0.7 V, neither peak
appeared. As a summary, the absence of peak C in Figure 3.9 (b) and of peak B in Figure 3.9
(c) indicate that signals C/D and A/B correspond to two independent reduction/oxidation
pairs. The C/D peaks correspond to OER and ORR and A/B peaks correspond to silver

reactions.
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Figure 3.9. Cyclic voltammetry results in alkaline medium for (a) CNT buckypaper and silver nanoparticles
synthesized using the Frens method at a width window, (b) CNT buckypaper impregnated with silver
nanoparticles showing Ag peaks, and (c) CNT buckypaper impregnated with silver nanoparticles showing
OER and ORR peaks. The absence of peak C in (b) and of peak B in (c) indicate that signals C/D and A/B
correspond to two independent reduction/oxidation pairs.

Source: Own elaboration.
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Peak This Ref [62] Ref [61] Ref [102] | Ref[103] | Ref[104]
work
Ag reduction (A) 0.304 V 0.265V 0.288 V -0.364 V 0.490 V 0.218 Vv
Ag oxidation (B) 0.616 V 0.375V 0.588 V 0.456 V 0.590 V 0.428

Table 3.4. Peaks attributed to silver reactions in this work and other references using as reference SHE.

Peak

This work

Ref [105]

Ref [106]

Ref [107]

Ref [108]

O3 reduction (C)

0.592 Vv

0.75V

0.82V

0.333V

0.75V

Table 3.5. Peaks attributed to oxygen reduction reaction in this work and other references using as reference
the standard hydrogen electrode.

Peak

This work

Ref [109]

Ref [110]

Ref [111]

Ref [112]

O, evolution (D)

0.761V

0.848 V

1715V

1.453V

0915V

Table 3.6. Peaks attributed to oxygen evolution reaction in this work and other references using as reference
the standard hydrogen electrode.

As it was discussed in previous sections, the synthesis of silver nanoparticles using

PHF resulted in different concentrations of PHF caping the silver particles. As a result, their

electrochemical behavior is different, as can be seen in Figure 3.10. CNT-AgPHF1 and CNT-
AgPHF2 presented higher currents than the CNT-AgPHF3. Also, CNT-AgPHF1 and
CNT - AgPHF3, presented a well-defined peak for OER. Moreover, CNT-AgPHF1 and
CNT - AgPHF2 presented two peaks instead of one between 0.2 V and 0.4 V, this could be

attributed to an early reduction of oxygen, or a change in the mechanism of reaction (two

reactions of two-electron pathway). It can be concluded that the sample with the best

performance among the three of them is CNT-AgPHF1; which is the one with less PHF

excess in the solution after centrifugation, which means is the one with more PHF caping the

silver particles. This could mean that with more PHF, the silver particles are more stable.
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Figure 3.10. Cyclic voltammetry results in alkaline medium for the three different samples of silver particles
synthesized using PHF as reducing agent. The difference between the three is the amount of capped PHF on
the silver nanoparticle, as can be seen from the difference in catalytic activity.

Source: Own elaboration

To analyze the effect of PHF in the catalytic activity of silver particles towards ORR
and OER, the cyclic voltammetry signals of CNT-AgNPs and CNT-AgPHF1 are compared.
This sample was the one selected as was the one which presented the best performance for
the cathodes with silver and PHF. As can be seen in Figure 3.11 (a), the cyclic voltammetry
peaks of the cathode CNT-AgPHF1 presents higher currents for silver and oxygen peaks than
CNT-AgNPs, this means that the presence of PHF increases the amount of reduced and
evolved oxygen. Moreover, as can be seen in Figure 3.11 (b), the PHF by itself cannot act as
catalyst for OER and ORR, therefore, it is concluded that it enhance the catalytic activity of
silver, and is not a catalyst by itself. The main difference among the CNT cathode and CNT-
PHF cathode is the width of the signal, the CNT-PHF cathode presents a higher current,
which is attributed to the presence of the OH group in the PHF. This group has short and

reversible reactions causing a quasi-capacitive effect, rather than a faradaic effect.
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Figure 3.11. Cyclic voltammetry results in alkaline medium for (a) CNT cathode, CNT buckypaper
impregnated with silver nanoparticles synthesized by Frens method, silver particles synthesized using PHF as
reducing agent, and only PHF; and (b) CNT impregnated with only PHF.

Source: Own elaboration

Overall, the cyclic voltammetry showed a predominant faradaic effect of the air
electrodes, which makes the Ag-PHF decorated electrodes good candidates for electrodes in
batteries. Moreover, silver nanoparticles showed a good catalytic activity for OER and ORR
that was enhanced by PHF because it allowed more oxygen to react. However, the stability
of the CNT-AgPHF cathodes must be further evaluated, since the OCP showed a lower
stability (as shown in Table 3.3) and, during the cyclic voltammetry tests, a coloration of the
electrolyte was observed. The bifunctionality towards OER and ORR makes this electrode
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promising for Zn-air batteries, in accordance to discussion in other investigations on the topic
[113].

The onset potential is employed to compare the catalytic activity of the presented
catalysts and others found in literature. In the case of ORR, the onset potential of the AgPHF
catalyst is more positive than that of the silver nanoparticles. This further confirms that PHF
enhanced the catalytic activity of silver nanoparticles. In comparison with other values in
literature, as shown in Table 3.7, they defer by around 0.1 V, so there is more place for
improvement in terms of oxygen reduction reaction. However, this synthesis methods are

more complicated and require more steps than the one presented in this work.

Catalyst ORR onset potential [V] Ref.

Ag nanoparticles 0.69 This work
AgPHF 0.81 This work
Hierarchical nanostructured NiCo.04 | 0.93 [114]
Co304 nanosheets/N- rGO 0.92 [115]
Co-N-SWCNTN 0.97 [106]

Table 3.7. Comparison among the onset potentials for oxygen reduction reaction in cyclic voltammetry in
volts against standard hydrogen electrode.

In the case of OER, the onset potential of the AgPHF catalyst is lower than that of the
silver nanoparticles. This further confirms previous our previous observations. On the other
hand, the presented onset potentials are much lower than the ones find in literature, this could
be caused by different systems used when measuring, but also by a higher catalytic activity
of AgPHF.
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Catalyst OER onset potential [V] Ref.

Ag NPs 0.57 This work
Ag PHF 0.53 This work
PrBagsSrosC02-xFex-Os.q 1.52 [116]
Nanofibers

FesC/Co(Fe)OXx@NCNT 15 [117]

Table 3.8. Comparison among the onset potentials for oxygen evolution reaction in cyclic voltammetry in
volts against standard hydrogen electrode.

3.2.3 Galvanostatic charge-discharge test

The galvanostatic charge-discharge test was used to study the stability of the electrode
throughout cycles, as well as its resistance to discharge and its behavior (capacitive or
faradaic). Four different currents were applied and the area was measured afterwards as

explained in the previous chapter.

Figure 3.12 shows the second cycle of the charge-discharge cycles for the three tested
samples. This cycle was chosen for comparison because of the poor stability of the sample
with PHF. As it can be seen, the profile of the CNT buckypaper shows that a capacitive effect
is predominant, in accordance to the results from cyclic voltammetry (section Cyclic
voltammetry). In the case of CNT — 66mM - PHF, due to the loss of PHF and silver
nanoparticles, the graph shows the behavior of the bare CNT, and does not show the true
behavior of this electrode. The graph of the electrode impregnated only with silver
nanoparticles shows, first, a capacitive behavior due to the CNT and the double layer; then,
there is a change in the slope which is typical of the faradaic effect, which is in accordance
with the CV graphs.
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Figure 3.12. Second cycle of the galvanostatic charge-discharge test for CNT, CNT with silver nanoparticles
and CNT with PHF.
Source: Own elaboration.

Figure 3.13 shows the five cycles of the charge-discharge test for CNT buckypaper
and overall, a good stability is seen, especially when redox reactions are involved.. As can
be seen, the voltage is being maintained through the five cycles. The tests at 0.64 mA cm™
and 0.8 mA cm2 show a smooth curve towards the saturation of charging; on the other hand,
the test at 0.96 mA cm2 and 1.12 mA cm presents a square form which shows the saturation
current of the electrode. The capacitance is shown to increase with an increase in current

density. There is no resistance to discharge shown.
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Figure 3.13. Galvanostatic charge-discharge test of CNT at 0.64 mA cm, 0.8 mA cm, 0.96 mA cm 2 and
1.12 mA cm?,
Source: Own elaboration.

In the case of the cathode with silver nanoparticles a faradaic effect is shown in the
charge and discharge profiles, as can be seen in the change of slope in Figure 3.14. The
saturation current was not achieved in these current densities. A deeper voltage discharge is
achieved at higher current densities. Moreover, it can be seen from the lack of change in the
profiles at the start of the discharge with increasing current, that there is no resistance to

discharge. Overall, a good stability is seen in the five cycles.
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Figure 3.14. Galvanostatic charge-discharge test of CNT and silver nanoparticles synthesized using Frens
method at 0.2 mA cm?, 0.25 mA cm?, 0.30 mA cm and 0.35 mA cm™.
Source: Own elaboration.

In the case of the electrodes impregnated with silver nanoparticles and PHF, the
stability of the electrode did not tolerate the five cycles, for which only the first two cycles
are shown. As can be seen in Figure 3.15, there is a little faradaic effect seen, probably due
to the presence of silver particles which were not removed with the PHF loss. The saturation
current was almost achieved, compared to the graph of CNT, it is concluded that this cathode
stores more charge. Even though the low stability was evident, there was no resistance to
discharge shown during the first cycles, as can be seen from the lack of change in the profile

at the start of the discharge with increasing current.

72



1 |—— CNT-66mM - PHF at 0.64mA cm”
0.6 —— CNT - 86mM - PHF at 0.8mA cm ™
—— CNT -66mM - PHF at 0.96mA cm”
CNT - 66mM - PHF at 1.12mA cm”
0.4+
=
e 024
[=)]
et
°
=
0.0
_02 —
T T T T T T
0 100 200 300 400 500

Time [s]

Figure 3.15. Galvanostatic charge-discharge test of CNT impregnated with silver nanoparticles synthesized
using Frens method and PHF at 0.64 mA cm, 0.8 mA cm?, 0.96 mA cm™ and 0.1.12 mA cm™.
Source: Own elaboration.

Figure 3.16 shows a comparison among three electrodes at different currents. CNT-
AgNPs shows a clear faradaic effect, as discussed previously, which differs from the profile
of CNT. In the case of CNT-AgPHFL1, the faradaic effect is not clearly seen. This could be
caused by the instability of the silver nanoparticles over the electrode. At 240 pA, CNT
achieves the saturation current, in contrast to the electrodes with Ag and AgPHF
nanoparticles. Therefore, it is concluded that the electrodes with silver nanoparticles can store

more charge than only CNT.
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Figure 3.16. 2" cycle of galvanostatic charge-discharge test three of CNT, CNT impregnated with silver and
silver with PHF nanoparticles at .160 pA, 200 pA, 240 YA, 280 pA.
Source: Own elaboration.

The results of charge-discharge test were in accordance with the ones presented in

cyclic voltammetry, the cathode presents a predominant faradaic effect, which makes this

cathode appropriate for batteries and not for capacitors. Moreover, this test showed a lack of

resistance to discharge from the electrodes, which means that, in a battery, the cathode will

complete the charge and discharge cycle without resistance. Furthermore, the CNT electrode

achieve the saturation current before the other electrodes. This means that the electrodes with

silver nanoparticles are able to store more charge. However, it is shown that the cathode with
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silver nanoparticles and PHF was not stable over time. This means, that the impregnation
method was not suitable and further improvement is needed.

As a summary, the electroanalytical tests showed that the behavior of the cathode is
appropriate for Zn-air batteries, since they have a faradaic effect and does not present
resistance to discharge. Moreover, it is shown by the galvanostatic charge-discharge test that
the silver nanoparticles enable the electrode to store more charge. Furthermore, the cyclic
voltammetry tests demonstrated that PHF enhanced the catalytic activity of silver
nanoparticles towards ORR and OER. However, the AgPHF cathode was not stable over

time, therefore, another impregnation method which is suitable for the application is sought.
3.3 Flexibility test

There are many tension, torsion and compression tests which demonstrated the
flexibility of different materials. Even though the evaluation of the mechanical properties is
out of the scope of the present work, the flexibility of the CNT buckypaper was tested
empirically. This is shown in Figure 3.17, where the CNT buckypaper was fold into half

without breaking apart.

Figure 3.17. Folding of CNT buckypaper without breaking.
Source: Own elaboration.
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CONCLUSIONS

“The Road goes ever on and on,
Down from the door where it began.
Now far ahead the Road has gone,
And I must follow, if I can,

Pursuing it with eager feet,

Until it joins some larger way

Where many paths and errands meet.
And whither then? | cannot say.”

- J.R.R. Tolkien

This study developed cathodes proposed to be used in flexible Zn-air batteries, based
on CNT buckypapers impregnated with silver nanoparticles and silver particles with PHF.
Overall, the silver nanoparticles impregnated over the buckypapers showed to be a good
catalyst for OER and ORR, as shown first in CV, and the electrode proved to be stable and
did not showed resistance to discharge in galvanoststic charge-discharge tests. Moreover, the
PHF enhanced the catalytic activity of the silver particles for OER and ORR. However, it
was not well impregnated over the CNT buckypaper, therefore this electrode was not stable
over time. These results demonstrate the good synergy between PHF and silver particles for
ORR and OER, but there is a need to improve the impregnation method of PHF to the
buckypaper. This bifunctionality makes these electrodes suitable for Zn-air batteries, as has
been proven in other studies [13], [46], [94], [113]. In addition, the flexibility of the CNT
buckypapers confers the electrode with this same property. In summary, this study
contributes to the worldwide efforts of the scientific community to develop flexible, small
and light batteries and may be a starting point in the use of PHF for this application by
enhancing the catalytic activity of silver nanoparticles towards OER and ORR.



The synthesis of silver nanoparticles in the range of 60 nm to 70 nm using the Frens
method with sodium citrate as reducing agent was successfully done. The silver
nanoparticles sizes were determined using UV-vis.

The CNT buckypaper was successfully impregnated with silver particles through ink
evaporation, as shown by the XPS peaks of Ag 3ds» and 3ds before and after the
washing test. The loading was done at 1.36 x 10 mols per 0.01 cm?. The structure of
CNT buckypapers prevents the agglomeration of silver nanoparticles.

Moreover, the silver nanoparticles were stable over the CNT buckypapers even after
several electroanalytical tests, as all the CV results after ten cycles were the same and the
five cycles of the charge-discharge tests at different current density achieved the same
voltage. However, in the XPS spectrum a less amount of silver nanoparticles was found,
which is assumed to be due to a diffusion phenomenon towards the porous CNT structure
rather than the loss of silver nanoparticles. More tests are suggested to confirm this
hypothesis.

The PHF and silver particles electrode was not stable over time, according to the results
of OCP; CV and galvanostatic charge-discharge tests, other test like XPS need to be done
to confirm this results. Furthermore, an improvement in the stability of this electrode will
be done in a future work.

CV results showed oxidation and reduction peaks of silver, which meant not only the
presence of the metal in the sample, but also the reversibility of this reaction and,
therefore, its stability over several cycles. Also, OER and ORR peaks were observed.
Overall, the electrode presented a faradaic behavior with a small component of capacitive
behavior, typical of battery electrodes, and saturation at current densities higher than 0.96
mA cm2. More tests in Oz and N saturated atmosphere are suggested to confirm these
results.

The presence of PHF enhanced the catalytic activity of silver particles, as shown in the
higher current achieved in the CV with this cathode. Further tests should be done with a

stable electrode.
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7. The effect of the fluorine due to the Nafion presence on the electrodes for the
electrochemical measurements, as shown in the XPS spectrum, was not evaluated, but

will be done in a future work.
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ANNEXES

ANNEX 1: Zn-air batteries with Ag-based catalysts

Bifunctional air Synthesis Cell components Performance Ref.
electrode method
AgCu on Ni foam Electrochemical | Zn/6M KOH + 0.2M | 86.5 mW cm? @ 100 mA cm?, | [17]
deposition Zn(OAc), round efficiency of 56.4% @ 20
mA cm?
AgCu on Ni foam Galvanic Zn plate/6M KOH + | 85.8 mW cm? @ 100 mA cm?, | [118]
displacement on | 0.2M Zinc acetate 572 mAh g* normalized by Zn
Ni-foam anode consumed, 53.08% after
100 cycles
Ag on 3D N-doped | One-step Zn plate/KOH 29.8 mW cm? @ 100 mA cm? | [119]
graphene hydrothermal
method
Cos04/Ag on N- | One-pot Zn foil/polyacrylic | 108 mW cm? @ ~175 mA cm?, | [120]
reduced graphene solvothermal acid-based gel- | charge-discharge gap after 100
method electrolyte cycles are 0.77 V
AgsoCuso on Ni foam | Pulsed layer | Zn plate/6M KOH + | 45.1 mW cm-2 @ 100 mA cm?, | [14]
deposition 0.1M Zn(CH3COO0), | ~50% efficiency @ 20 mA cm
Ag-oMnO; Microwave- Zn plate/6M KOH Battery voltage sustained after | [121]

assisted polyol

method

270 cycles

Table 0.1. Zn-air batteries with Ag-based catalysts and their performances.




