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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF NANO SILVER OXIDE FOR
SILVER ZINC BATTERIES

Yurtseven, Oziim Oykiim
M.S., Department of Micro and Nanotechnology
Supervisor: Prof. Dr. M. Kadri Aydinol

Co-Supervisor: Assist. Prof. Dr. Emren Nalbant Esentiirk

August 2013, 51 pages

Rechargeable silver-zinc batteries have aroused interest and find various area of usage
depending on their notably technical advantages over other battery systems including their
high specific energy and high recharge efficiency. In this battery chemistry, silver oxide and
metallic zinc are used as the positive and negative active materials respectively. Chemically
stabilized particles with large surface areas are needed to reach high discharge rates for
battery applications. The use of nanoparticles as electrode materials has made a significant
improvement in battery performance due to their enhanced electrical and chemical
properties.

In current study, we have successfully synthesized AgO nanoparticles through a
sonochemical route. Parametric study was performed to examine the effect of reaction
parameters such as reaction time, reaction temperature, and surfactant concentration on the
quality of products. Synthesized AgO powder was characterized by particle size analyzer, X-
ray diffraction (XRD), and scanning electron microscope (SEM). The AgO content of the
prepared powder was 100 % and powder particle size mainly distribute in the range of 100-
300 nm.

Keywords: silver oxide zinc battery, AgO nanopowder, sonochemical method
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GUMUS OKSIT CINKO BATARYALAR ICIN NANO BOYUTTA GUMUS OKSIiT
URETIMI VE KARAKTERIZASYONU

Yurtseven, Oziim Oykiim
Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. M. Kadri Aydinol

Ortak Tez Yoneticisi:Y. Dog. Dr. Emren Nalbant Esentiirk

Agustos 2013, 51 sayfa

Yiiksek spesifik enerji ve enerji yogunlugu, yiiksek gii¢lii desarj kapasitesi ve yiiksek sarj
edilebilirlik verimlilikleri gibi sunduklar1 avantajlar nedeni ile sarj edilebilir giimiis oksit-
cinko bataryalar bir¢ok farkli uygulama alan1 bulmuslardir. Bu pil kimyasinda, giimiis oksit
ve metalik ¢inko, sirasiyla pozitif ve negatif aktif madde olarak kullanilmaktadir. Bahsi
gecen aktif malzemelerin genis ylizey alanina sahip ve kimyasal olarak stabil partikiiller
olmasi, batarya uygulamalarinda yiiksek desarj hizlarina ulagsmak igin biiyiik onem teskil
etmektedir. Yiiksek yiizey alanina sahip olmalarindan dolay1 gelismis elektriksel ve kimyasal
ozellikleriyle nanopartikiillerin elektrot aktif malzemesi olarak kullanimi batarya
performansinda ve kapasitesinde fark edilir derecede bir iyilesme saglamaktadir.

Bu ¢aligmada sono-kimyasal yontemler kullanarak nano boyutta divalent giimiis oksit
tretimi gergeklestirilmistir. Yiizey aktif madde konsantrasyonu, reaksiyon zamani ve
sicaklign iiriiniin kalitesine etkisini arastirmak i¢in parametrik calisma yapilnustir. Uriinlerin
detayli karakterizasyon g¢aligmalar1 taramali elektron mikroskobu (SEM), X-1sin1 kirinim
yontemi (XRD) ve parcacik boyut analiz cihazi araciligr ile yapilmistir. Analiz sonuglar
uygun kosullarda AgO nanopartikiillerin AgO igerigi 100 % olarak tespit edilmistir ve toz
partikil blyiikligi agirlikli olarak 100-300 nm araliginda bir dagilim sergilemistir.

ANAHTAR KELIMELER: Giimiis oksit ¢inko batarya, AgO nanotoz, sonokimyasal yontem
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CHAPTER 1

INTRODUCTION

Studies on nano materials have become the target of major interest in modern science. Nano
materials exhibit unique chemical, mechanical, thermal, magnetic, optical and quantum size
effect properties in comparison with their bulk counterparts as a result of their high surface-
area-to-volume ratio. When used as battery active materials, these size-dependent fascinating
properties of nano materials allow efficient energy storage. They can change conventional
batteries characteristics in the direction of greater power densities and higher reliability, lead
to better and smaller battery designs. In particular, due to its high theoretical voltage, high
energy density, high conductivity and low specific resistance, divalent silver oxide (AgO)
nanoparticles have found to be of great interest for the battery applications where critical
space, low weight and high power is required.

Several methods have been used and developed for synthesizing crystalline oxide powders in
nanoscale dimensions. In literature, two methods are commonly used for preparation of
AgO; (i) Electrochemical Preparation (EP) Method, and (ii) Chemical Precipitation (CP)
Method. The electrochemical preparation method involves electrochemical oxidation of
silver metal in alkaline solutions. It is a lengthy and complicated approach for synthesizing
divalent silver oxide nanoparticles. This method is a high cost procedure and results with low
purity. Product has a non-uniform stoichiometry (Ag20/AgO mixture); therefore time
consuming purification steps are required.

On the other hand, chemical precipitation process is a very promising way to synthesize AgO
particles with gram quantities and high purity. The chemical precipitation method is based
on the alkaline oxidation of solutions of Ag (I) salts with ozone or per sulfates. This method
is more preferable than electrochemical method because it is a straightforward, low cost,
high yield method with narrow size distribution. It has the advantage of precise control over
the size and shape properties of nanomaterial in molecular level. Moreover, it is an easy
scale up process for production of large volumes of AgO particles in relatively short time.

Metal oxides can be synthesized by all known wet chemical methods but to tailor the particle
size in nano range and morphology towards a particular application still remains a
challenging task. Chemically stabilized particles with large surface areas are needed to reach



high discharge rates for battery applications. Therefore, preventing particles from
agglomeration plays a key role during the whole production process. Generally, surfactants
are used to inhibit the coalescence of the particles. That is the rationale behind studying
chemical reduction of AgO with using different surfactant chemistries in this thesis work.

After observing the effects of surfactants on mean particle size and particle size distribution,
the studies are focused on understanding the effect of the sonocrystallization on morphology,
structure and size of the particles. Sonocrystallization is the application of high intensity, low
frequency ultrasound to a reaction that allows complete control on crystallization. Increase in
reproducibility, decrease in crystal growth rate and particle size are reported effects of
sonocrystallization in literature. The use of ultrasound in the synthesis of metal oxides has
some promise as well. In addition to advantages listed above, AgO nanoparticles would have
a greater uniformity, a higher discharge efficiency, and no trace of the objectionable initial
high voltage 'hump' of the conventional electroformed positive electrode. Therefore, the
research pioneer of this study is to produce nano-sized divalent silver oxide particles with
high speed charge/discharge ability as cathode active material for Zn-AgO battery by both
chemical and sonochemical methods. The produced oxide is characterized structurally. To
sum up, this study reports the synthesis and characterization of nano-structured crystalline
AgO.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Battery Technology

Batteries are technological devices that convert the chemical energy in its active materials
directly to electrical energy by chemical reactions taking place in electrodes. In batteries,
active material in the electrodes runs the electrochemical reactions. These chemical reactions
require the transfer of electrons from one electrode to another by an electric circuit created
with the help of the electrolyte. Batteries are very common power source for domestic,
industrial, military and aerospace applications [1, 2].

Although the phrase “battery” is usually employed, actually the “cell” is the main assembly
where the electricity is created. The basic member of each battery is called “the cell”. Cell is
a basic electrochemical unit, and the battery is an assembly of several cells. To distinguish
the differences between a battery and a cell, one should think of that a battery is generated by
linking cells in parallel, in series, or both, with respect to the desired output voltage and
capacity. The cell consists of four basic components [3]. Figure 1 shows the components of a
cell. The voltage, measured in volts and symbolized as (V), is the electrical energy that it
gives off. The current, measured in amperes and symbolized as (A), is the rate at which
electrons pass through the cell.
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Figure 1 Components of a cell

It is very difficult to achieve a suitable design for a safe, modern, light-weight, high-
capacity, high-performance battery. In order to produce a battery with optimized
characteristics, the negative electrode, the positive electrode and electrolyte should have
some basic features are listed below.

The anode, or negative electrode, supplies electrons to the external circuit and oxidizes at
discharge cycle. But during a charging process in secondary batteries, the anode turns into
the positive electrode where reduction takes place. For achieving high charge/discharge rates
anode must bear high oxidation/reduction rates. Anode should have low electrochemical
potential to produce high voltage batteries. Also, to prevent side reactions inside the cell, it
should exhibit high columbic efficiency. For high reaction rates, large surface area is another
critical parameter for anode material. This can be achieved by using small sized anode active
material particles. In some cases, an extra addition of carbon to anode is done to accelerate
the reaction. There should be an intimate contact between anode and the electrolyte to
achieve efficient electrochemical reactions that can be possible with porous electrode
structure. Finally, the anode must not fall apart during the charge/discharge cycle, so a
polymeric binder is employed to hold the anode together. All of these requirements listed
above are very critical and often conflict with each other. Metals such as Zinc and Lithium
are often used as anode materials.

The cathode, or positive electrode, acquires the electrons from the external circuit and
reduces at discharge cycle. But during a charging process in secondary batteries, the cathode
becomes the negative electrode where oxidation takes place. The requirements for the
cathode are the same those for the anode, as explained above. Like anode, the cathode should
be stable when in contact with the electrolyte, be environmentally safe and be low cost. Also
easy fabrication and long lifetime are other essential criteria that cathode should meet. The
materials used for cathode are silver, manganese, metal oxides, and silver chloride.



All of the cathode/anode combinations are not very practical when difficulties in material
handling, fabrication and reactivity of the active materials are considered. So, selecting the
accurate materials for anode and cathode is an important issue to achieve a successful battery
design and meet the expectations for each different application.

The electrolyte provides the ion transfer between the electrodes, so the electrode substance
should be ionic conductor. Water solutions of salts, acids, or alkalis, or solid conductors are
used as electrolytes in modern batteries. These can be potassium hydroxide, sulfuric acid,
organic solvents, zinc oxide, etc.

The separator is used to isolate cathode and anode. If they are not separated, they form short
circuit, and the battery discharges. In summary, separator is employed in a battery to avoid
contact between the positive and negative electrodes physically in order to prevent internal
short circuit. It should be also adequate for the ion transfer between the electrodes and
facilitate the current passage and electrolyte movements for electricity generation.
Positive and negative plates in a battery can be approximated up to acertain distance due to
the internal resistance during charge/discharge operations. The use of separator reduces
internal resistance that allows align positive and negative plates next to each other as closer
as possible. Separators make possible to design smaller battery systems while reducing the
volume. In general, a separator should prevent anode and cathode electrical contact, but also
should allow the exchange of ions between to electrodes. The materials for separators are
porous plastic, gas fiber separators, or other insulating materials.

2.1.1 Principles of Battery Operation

All electrochemical processes always need the movement of electrons from one chemical to
another one by an oxidation-reduction (redox) reaction. So, oxidation-reduction half
reactions or redox reactions are the basis of electrochemical cells. While oxidation is the loss
of electrons, reduction is the gain of electrons. The oxidation takes place at the “Anode” and
the reduction half reaction takes place at the “Cathode”. The reaction at the anode releases
electrons, and leaves behind positively-charged ions. The reaction at the cathode soaks up
electrons. After the reduction reaction the oxidation number decreases, and after the
oxidation reactions the oxidation number increases [4-6].

REDUCTION

Oxidant + e > Product

(Electrons gained; oxidation number decreases)
OXIDATION

Reductant > Product + &

(Electrons lost; oxidation number increases)



There are two types of electrochemical cells, Galvanic (Voltaic) Cells and Electrolytic Cells
based on redox reactions. In galvanic cells reactions occur spontaneously (AG <0) to
generate electrical energy. The system does work on the surroundings. In contrast,
nonspontaneous reactions (AG > 0) take place in electrolytic cells. So to induce the
electrolysis reaction, addition of electrical energy is needed. So, this time the surroundings
do the work on the system. Electroplating is the one of the most common applications of
electrolytic cell [4, 5].

Batteries produce electrical energy by spontaneous chemical reactions and working principle
relies on galvanic cell reaction principle. The chemical energy that is stored in the active
materials of both anode and cathode is converted electrical energy by oxidation/reduction
reactions. These reactions involve the transfer of electrons and to operate a battery both
“oxidation” and “reduction” half reactions should take place [4, 5].

2.1.2 Classification of Batteries — Comparison of Primary and
Secondary Batteries

Batteries can be manufactured for single-use or multiple-uses. All batteries are
electrochemical cells with a negative electrode, a positive electrode and an electrolyte.
Generally, in secondary batteries a separator is also employed to prevent short circuit during
the charging process. This charging feature classifies the many different battery systems into
two broad categories, “primary batteries” that can be used only for one discharge and
“secondary batteries” that can be recharged and used again [7]. Batteries could be recharged,
as long as the electrochemical cell reaction is reversible. Consequently, we identify the
batteries on their rechargeable property. Batteries are classified as primary (non-
rechargeable) and secondary, which have the capability of being recharged by electricity [1].

Primary batteries irreversibly convert the chemical energy into electricity. So the cell
reactions of primary batteries are irreversible and active materials cannot be converted to
their original form. They put to use the chemicals only for once, for a single discharging
process, and then they are thrown away [6, 8].

Secondary Batteries are batteries that chemical reactions can be reversed by passing
electricity through the cell in the opposite direction to the current during discharge. This
process is called charging. So, charging is a form of electrolytic process involves conversion
of the active materials back to their original and reversing the chemical reactions. As a result,
secondary batteries are designed for repeated charge/discharge, that is to say cycling
processes. Secondary Batteries are also known as “Rechargeable Batteries”. It is important to
understand that there is also a limit for charge/discharge cycle. Cycling can be done until the
capacity of the battery goes down below a practical level and battery becomes out of use.
Figure 2 shows that during charging process, oxidation occurs at the cathode; whereas
reduction occurs at anode. The reverse takes place during discharging process [9].
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Figure 2 Cell in operation (a) Charging a cell; (b) Discharging a cell

2.2 General Aspects of Divalent Silver Oxide Zinc Battery System

Development studies of silver oxide-zinc batteries date back to 1940s. The first silver oxide-
zinc battery is introduced by Michel Yardney and Professor Henri Andre’. Since then silver
oxide-zinc batteries are irreplaceable technologies for numerous applications due to their
high specific energy and proven safety combination [10]. Even though there are many other
battery technologies introduced after silver oxide-zinc battery, this battery still the system of
choice where high specific energy/energy density and safety are needed for high-rate, weight
or size-sensitive applications [11]. This battery has the highest power output per unit weight
and volume of all commercially available batteries. In this battery, silver oxide is used as
positive electrode active material and zinc is employed at the negative electrode. Generally,
potassium hydroxide is the preferred electrolyte for this system. This chemistry leads to an
alkaline battery with high capacity and high voltage characteristics.

The silver oxide-zinc batteries have two versions based on cathode active material.
Alternative 1 employs monovalent silver oxide (Ag,O) whereas alternative 2 employs
divalent silver oxide (AgO) as cathode active material. Batteries manufactured by using AgO
present 30% additional capacity, which means higher energy density values and nominal
voltage, when compared with Ag,O batteries [12].



2.2.1 Primary Silver Oxide Zinc Batteries

Primary silver oxide-zinc cells are commercially spread as they deliver high energy density
and are used in small “button” batteries. They are mainly used in small devices that require
constant voltage and long service life. These are watches, calculators, hearing aids, cameras,
etc. The application of large sized batteries is limited due to high cost of silver [1]. However,
they can be used for high-power applications, for instance launching underwater vehicles,
boosters, missiles, torpedoes, and targets [13].

The cell is based on Zn/AgO couple (AgO is the cathode, Zn is the anode) withpotassium
hydroxide electrolyte. The nominal voltage of the cell is 1.4 V, the energy density is 160 W-
hr/kg, and discharge rate is 10-100 hr (to 0.9 V). They show 200 hr performance at 15 A-hr
and operate at temperature range between -40°C and 75°C, and up to 2 years without
significant detriment [15]. The impedance is low and uniform. The main characteristics of a
primary silver oxide-zinc watch cell by Crompton are listed in Table 1 [14].

Table 1 Performance characteristics of silver oxide-zinc primary watch

cells [14]
Energy Voltage Initial Life, Service | Shelf Temperature Capacity
density nominal | capacity | years, life, °C loss per
W- W- | Nominal | Working rate mA/h LCD | years | Storage | Operation | annum at
hr/kg | hr/l capacity, | per cell 21°C, %
mA/cm?
160 [ 680 | 17 | 15 25 52 | 297 | 5 | 000 | 0L 4

2.2.2 Secondary Silver Oxide Zinc Batteries

The secondary silver oxide zinc batteries provide the highest energy per unit of weight
among all the commercially available aqueous secondary batteries [1]. The high cost of
silver has limited these batteries usages to specific areas. Zinc-silver oxide batteries are used
to power and handle high power military devices and weapons. Most military applications
need a battery capable of handling high-discharge rates and extended storage life. These
batteries have to be fashioned with longevity, high dependability and endurance for
challenging environment conditions.

For rechargeable battery-powered military and aerospace systems, zinc-silver oxide batteries
have been used because of their high specific energy/energy density, high constant discharge
voltage, mechanical ruggedness, and safety. Silver-oxide zinc battery weights 80% less than
other batteries generating the same energy. The battery can deliver high capacity at discharge
rate of 30 minutes, thus it is used in torpedoes, missile and underwater systems [11]. Due to
high density it is popular as energy source for electronic and medical applications, such as
satellite and portable equipment [16]. Specially, when used for torpedoes, this zinc- divalent



silver oxide (Zn-AgO) battery systems increases its performance by increasing their speed
and range extremely [17].

In this battery chemistry, silver oxide and metallic zinc are used as the positive and negative
active materials respectively. Because of the instability of divalent silver oxide (AgO) in
alkaline mediums, generally monovalent silver oxide (Ag,0) is employed as active cathode
material [10]. The use of AgO increases the capacity of the battery considerably. Zinc-silver
oxide batteries tend to be desirable for high-rate, weight or size-sensitive military
applications [18].

The battery requires three types of separators: inner (made of nylon or polypropylene), outer
(asbestos and potassium titanate), and primary ion exchange separators (cellophane, fibrous
sausage casing). The research for the novel separator materials is a challenge for secondary
silver oxide-zinc batteries development [15, 19]. The characteristics of the silver oxide-zinc
secondary batteries are summarized in Table 2.

Table 2 Performance characteristics of silver oxide-zinc secondary
batteries [20]

Energy Capacity . .
density, A/h, per Dls,tcipnaerge Nu?etljli rof Wight’ Cycle life
W-hr/kg battery g

89 165 0.41 18 100 15

The issue of cycle numbers (higher depth of discharge) depends on zinc in soluble form
released to the electrolyte. The electrode changes its shape during the cycles, depending on
the discharge and charge rates. The mitigation of this process can be reached by increasing
the separator thickness at the plate periphery, while the orientation of the electrode and
preparation method do not affect [21].The calcium-containing zinc electrode significantly
better performed and provided high capacity, especially over 20 cycles. This is because of
calcium zincate complex formation [22, 23]. High concentrations of zincate cause negative
plate distortion, and penetration of the separator [20]. The group of Hariprakash proved that
the cells with capacities between 10.6 and 58.5 Ah can sustain high-drain applications [24,
25].

2.2.3 Electrochemistry of Divalent Silver Oxide-Zinc System

The electrochemical reactions that take place at silver oxide-zinc batteries are summarized in
equation:
AgO0O+Zn+H,0 & Zn OH , + Ag




All the reactions described in this section are reversible. The forward reaction represents
discharge process (when the battery generates energy), the beckward reaction shows charge
process.

Charge and discharge curves of the silver electrode have two plateaus. The reactions at
plateaus at high and low voltage are as follow [26]:

2Ag0 + H,0 + 2e~ & Ag,0 + 20H" Eo=0.607 VV
Ag,0 + H,0 + 2e™ & 2Ag + 20H" Eo=0.345V

The reactions above are simplified as in the cell silver (I,I1l) oxide, namely Ag;0, is
formedalong with Ag,O [27, 28]. At zinc electrode, zinc reacts with hydroxide ion and forms
zinc hydroxide:

Zn + 20H™ & Zn(OH), + 2e~ Eo=1.245V

The electrochemical reactions have been widely studied. Dirkse and his group studied the
overvoltage at silver electrode at range of electrolyte concentration 20-45%. They found
rapid anodic overvoltage increase at 30-35% KOH, which is explained by close bound of K*
and OH'". Alternatively, they explained it by polarization of Ag+ in a solution [29].

However, the cathodic behavior of zinc includes formation of Zn(OH),4, which then dissolves
and forms Zn(OH), [18]. The electrode passivation by zincate formation on the electrode
surface is a challenge for process improvement. The changes of zinc electrode during the
reaction have been reviewed in the work of Poa and Wu [30]. They added a layer of non-
woven fabric treated with Fe,O; to the edge sections of the separator. This allowed
suppressing the zinc electrode shape change [31]. A review by Gainereports that hydrophilic
and hydrophobic additives are capable of stabilizing the electrode structure; surfactants are
proved to control dendrite and growth and prevent zinc agglomeration [10]. The invention
offers cadmium additive to zinc electrode for improvement of surface morphology to retain
zinc reduced from the solid compound [32]. Also another method for modifying the
electrode with nickel, copper, silver and bismuth oxide was developed by Casey and Serenyi
[33, 34].

2.2.4 Advantages and Disadvantages of Silver Oxide-Zinc Batteries

Advantages

The zinc silver oxide batteries discharge at flat, constant voltage at both high and low-current
rates. Secondary batteries provide high currents, high capacity, theoretically up to 440 W-
hr/kg (for example, lead-acid battery provides 30 W-hr/kg) [14, 35]. The battery shows 95%
of its initial capacity after a year of storage at room temperature, they are able to operate at
wide temperature range, between -40°C and 73°C. When their good dry shelf life and wide
operation temperature characteristics considered with their excellent electrochemical
efficiency, they become key energy sources for military applications. They prove moderate
shelf life (Eagle Picher claims a dry shelf life of 2.5 years, and wet shelf life of 1 year). The
capacities of the cells can be between 0.1 A-hr to 20 000 A-hr. The leakage and salting of the
battery are negligible; batteries are not shock and vibration sensible [1]. All of these
advantages make silver oxide-zinc batteries desirable when compared with other
rechargeable battery technologies.
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Disadvantages

The secondary batteries typically have limited depth of discharge, and silver oxide often has
dual voltage discharge curves and high instability in alkaline solutions [36].The batteries
suffer from short cycle life due to zinc mass redistribution, changes in zinc morphology [15].

Silver oxide electrodes have been reported as instable. This causes the capacity loss and
delayed activation in reserve batteries. The instability is caused by metal contaminants that
destabilize the oxide. As a result, the lower capacity monovalent oxide is formed. The
authors propose chemical preparation of AgO to minimize the electrode aging [36].

2.3 Silver Oxide

Silver oxide is a leading source for developing high power silver oxide-zinc batteries.
Divalent silver oxide (AgO) and monovalent silver oxide (Ag,0) are the two types of silver
oxides employed as cathode material. Silver oxide-zinc batteries that are produced with AgO
in cathodes tend to have higher theoretical voltage (1.80 V), higher energy density (424
Wh/kg), higher conductivity and lower specific resistance in comparison to Ag,O cathode
employed silver oxide-zinc batteries [18]. This higher energy density of AgO results in
production of higher electricity per mole. Thus, weight and space saving is possible due to
lower silver oxide consumption. With respect to these advantages, AgO is the first choice of
silver oxide-zinc battery producers as the main cathode component [37].

Table 3 A comparison of chemical properties of AgO and Ag,0 [18]

Chemical Properties AgO | Ag0
Atomic or Molecular Weight (g) 1238 | 2317
Density(g/cm’) 7.4 7.1
Theoretical Potential (V) 1.80 1.60
Theoretical Capacity (Ah/g) 0432 | 0231
Gravimetric Energy Density (Wh/kg) 424 370

AgO is an inorganic semiconductor and diamagnetic grayish black chemical in powder form
with monoclinic crystal structure. It has a theoretical silver content of 87.08% plus 12.92 %
theoretical oxygen content. The most common method for preparation of AgO is the
oxidation of silver nitrate with potassium persulfate in strong alkaline solutions [38]. It has
an unusual structure with more than one oxidation state [39]. Although, the empirical
formula of AgO caused to think it is in +2 oxidation state, actually it is a mixed valance
compound and formulated as Ag'Ag"'O, or Ag,0.Ag,0;[39, 40].
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Table 4 Properties of divalent silver oxide [41]

IUPAC Name Silver (1,111) Oxide
Other Names Silver Peroxide, Argentic Oxide, Silver Suboxide
CAS Number 1301-96-8
Properties
Molecular Formula AgO
Ag,0.Ag,0;
Molar Mass 123.87 g/mol
o sk
Density 7.48 g/cm3
Melting Point >100 °C, decomposition
Solubility in Water 0.0027 g/100 mL
Solubility Soluble in alkalis

2.3.1 Nanosized Silver Oxide

2.3.1.1 Application Areas

The unique physiochemical properties of the nanoparticles combined with the growth
inhibitory capacity against microbes has led to the upsurge in the research on nanoparticles
and their potential application as antimicrobials. From centuries metals such as silver have
been used for treating burns and chronic wounds, and copper has been used to make water
potable. It is quite evident that some of the metallic compounds possess antimicrobial

property.

Recently, the confluence of nanotechnology and biology has brought to fore metals in the
form of nanoparticles as potential antimicrobial agents. Nanoparticles have unique and well
defined physical and chemical properties which can be manipulated suitably for desired
applications. Moreover, their potent antimicrobial efficiency due to the large surface area to
volume ratio has provided them an edge over their chemical counterparts which are facing
the problems of drug resistance.

Silver compounds have been used to treat burns, wounds and infections [42]. Various salts of
silver and their derivatives are used as antimicrobial agents [43, 44]. Recent studies have
reported that nanosized silver oxide particles exhibit antimicrobial properties [45, 46].
Nanoparticles of silver oxide have been studied as a medium for antibiotic delivery, and to
synthesize composites for use as disinfecting filters and coating materials [47, 48]. It is
assumed that the high affinity of silver towards sulfur and phosphorus is the key element of
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the antimicrobial effects. Metal oxide nanoparticles with antimicrobial activity when
embedded and coated on to surfaces can find immense applications in water treatment,
synthetic textiles, biomedical and surgical devices, food processing and packaging [49].

The silver oxide nanoparticles can be applied as microelectronic and bacteriostatic, catalytic
or magnetic recording materials. Also, silver oxide nanoparticles can be used as antistatic,
cryogenic or superconducting materials [50, 51].

2.3.1.2 Physical and Chemical Properties

The materials have their properties defined by the chemical composition and the
microstructure presented on them. The quantification of crystalline phases is a key step in
determining the structure, properties and applications of a given material. Therefore, the
study of the amount of crystalline phases present in a material represents an important
parameter to control the microstructure and the correlation of the properties associated with
the developed stage in the process. The distribution of phases or microstructure depends on
the manufacturing techniques, raw materials used, equilibrium reactions, Kinetics and phase
changes. The characterization of crystalline microstructure, regarding the density, atomic
distribution and unit cell dimensions, contributes to the control of the manufacturing process.
In Table 5, we have summarized the crystal structure data of AgO, Ag,0, HT-Ag,CO;and
RT-Ag,COs. Within this study, determination of crystalline phases in produced powders
using the technique of X-ray diffraction was performed by the data presented in Table 5.

The nanoparticles, as any colloidal particles, are characterized by size (1-1000 nm), form
(cubes, pyramids, triangular plates) and surface tension [52]. Their properties differ
depending on their size. The nanoparticles possess novel properties that differ from the bulk
material. The divalent silver oxide that is produced by chemical precipitation methods is
stable in alkaline solution and slow in spread of oxygen generation. It is low cost for
batteries production with high energy density [12, 53].

In his work Smith mentions that chemically prepared silver oxide electrodes provide better
performance, namely high efficiency rates (500 mA/cm?), low polarization and provide
higher energy density [54]. The research group lead by Liu found that if the active material
has 10-35% admixture of nanosized silver oxide, it improves the periodic charge—discharge
performance [55].
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Table 5 Crystal structure data of AgO, Ag,O, HT-Ag,COsand T-Ag,CO;

| AgO | Ag,0
General
Origin ICSD ICSD
Code 43741 31058
Phase Data
Space-Group | P 121/c1(14) P n-3m(224)
a=5.8520 A a=4.7180 A
Cell b=3.4780 A
Parameters | ¢=5.4950 A
B=107.5000°
Atomic Parameters
Atom Wyck. x/a y/b zlc Atom Wyck. x/a ylb zlc
Agl 2a 0 0 0 Agl 4b 1/4 1/4 1/4
Ag2 2d 1/2 0 1/2 01 2a 0 0 0
01 4e 0.29500 0.35000 0.23000
HT-Ag,CO, | RT-Ag,CO;
General
Origin Pearson ICSD
Code 1905229 8011
Phase Data
Space-Group | P31c (159) P121/m1(11)
a=9.1716 A a=4.852(4) A
Cell c=6.5176 A b=9.553(8) A
Parameters c=3.255(4) A
B=91.9600°
Atomic Parameters
Atom Wyck. x/a y/b zlc Atom | Wyck. x/a zlc
Agl 6c 0.01570 | 0.33360 0.39300 Agl 4f 0.2109(2) | 0.0781(1) | 0.2191(2)
01 6C 0.06650 0.15640 0.00000 01 2e -0.018(2) 0.889(3)
02 6C 0.25260 0.50970 0.17680 02 4f 0.390(1) 0.6342(7) 0.334(2)
Ag2 6¢ 0.35430 0.32520 0.14010 C1 2e 0.270(3) 0.261(4)
03 6C 0.56220 0.17960 0.16510
C2 2b 1/3 2/3 0.17680
C3 2b 1/3 2/3 0.66510
C1l 2a 0 0 0

2.3.2 Production Methods of Nanosized Divalent Silver Oxide

2.3.2.1 Electrochemical Precipitation

The electrochemical preparation method involves electrochemical oxidation of silver metal
in alkaline solutions. Generally, electrochemical precipitation of nano sized silver is
performed by using AgCIO,, AgBF,, and AgPFs. The substances are oxidized anodically at
pH 6-7, average temperature of 0°C, and average current of 200 A/m” [56]. The method
requires a protecting agent such as zeolite, polyvinyl pyrrolidone, or polyphenylpyrrole.
Nanospheroid particles of 1-20 nm can be obtained by electrochemical precipitation methods
[51]. It is a lengthy, complicated and relatively expensive approach for synthesizing divalent
silver oxide nanoparticles. Also it is a high cost procedure and results with low purity.
Product has a non-uniform stoichiometry (Ag,O/AgO mixture); therefore time consuming
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purification steps are required. The advantage of the electrochemical method is the
possibility of large-scale realization [57].

The electrochemical laser-based method for silver oxide formation is described by Yan [58].
It allows producing particles with well-defined morphology (cubes, pyramids, triangular
plates). The stabilizing agent was Polysorbate 80, as well as other surfactants.

2.3.2.2 Chemical Precipitation

The nano-sized silver oxide can be formed by conducting a neutralization reaction. A strong
base that serves as a neutralization medium is prepared by using one or both of sodium or
potassium hydroxides [59]. Adding the silver salt solution simultaneously to this aqueous
solution initiates a neutralization reaction. In his work Harigae et al. prepared a
neutralization medium by adding silver salt to sodium/potassium hydroxide solution, and
obtained nano sized silver oxide particles. The average primary particle diameter is estimated
as 1-50 nm and the average secondary particle diameter is estimated as 1-1000nm [60].

Also, the surface of nano-sized silver oxide can be coated with a thin layer of surfactant
(fatty acid, dodecyl sulphate, polyvinyl pyrrolidone) which encapsulates (stabilizes) the
nanoparticles from aggregation [61, 62]. The surfactants also allow reducing the
concentration of silver solution needed for precipitation [63]. The detailed procedure for the
process is described by Berube [64, 65].The procedure for producing silver oxide nano
particles sized 2-10 mm, developed in Hussain patent [66]. When thermal treatment is
applied, a silver layer is produced on silver oxide nano particles [67].The size-controlled
chemical synthesis of nano particles is reported by Evanoff et al. [68].

2.3.2.2.1 Sonocrystallization

Sonocrystallization is the application of high intensity, low frequency ultrasound to a
reaction that allows complete control on crystallization. It allows extremely accurate control
of nucleation, a process which is random and very difficult to control by conventional
techniques.

The following advantages can be observed in sonocrystallization applied chemical reactions
[84]:

Increase in reaction speed

Increase in reaction output

More efficient energy usage

Performance improvement of phase transfer catalysts
Activation of metals and solids

Increase in the reactivity of reagents or catalysts
Improvement of particle synthesis

This acoustic cavitation results in a sophisticated control of process parameters. Lyczko et al.
reported a decrease of induction time after sonocrystallization [85]. An increase in nucleation
rate is reported by another study [86]. Also, increase in reproducibility, decrease in crystal
growth rate and particle size and various effects on crystal shape and characteristics are
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reported effects of sonocrystallization in literature [86-88]. The mechanism responsible for
these effects is still unknown, although several have been proposed. The use of ultrasound in
the synthesis of metal oxides, for example, has some promise as well.

A myriad of metal oxides have been prepared by sonochemical techniques. Gedanken and
coworkers have reported various nanostructured metal oxide syntheses including TiO,,Fes0,,
a-Ni(OH),, GaO(OH), In(OH); and BaFe;,014[76, 89-93]. In their syntheses, sonication of
an aqueous metal salt solution is carried out under ambient conditions (usually in the
presence of air) to prepare various forms of nanostructured metal oxides. For instance,
nanometer-sized a-nickel hydroxide was prepared simply by sonicating an aqueous solution
of nickel nitrate and urea [91]. It is believed that ultrasonic irradiation significantly enhances
the hydrolysis rate, and shock waves can induce unusual morphological changes in metal
oxides.

The advantages of the sonochemical approach over conventional methods in the synthesis of
metal oxides, including more uniform size distribution, a higher surface area, faster reaction
time, and improved phase purity, have been recognized by many research groups. Examples
of successful sonochemical syntheses include TiO2, ZnO, CeO,, V,0s, In,0;, ZnFe,0,,
PbWO,, BiPO,, and ZnAl,O,[56, 94-105]. Yu and coworkers revealed that sonochemically
prepared titania nanoparticles are more photocatalytically active than commercial titania
nanoparticles. Such enhancement was attributed to improved crystallinity of titania caused
by a faster hydrolysis rate in the presence of ultrasound.

Figure 3 SEM Images of (a) conventionally and (b) sonochemically prepared MoS,[106].

2.3.2.3 Characterization of Nano Silver Oxide

The nanosized AgO particles are characterized by various techniques used in material
science [69]. Some of those methods are transmission and scanning electron microscopy, X-
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Ray diffraction, neutron diffraction, FTIR, ultra-violet absorption, thermogravimetry, gas
chromatography, BET surface area measurements and so on [37, 70-72].

The work of Mansour summarizes the results of the structural investigations and proposes to

use structural investigation to study changes in chemical composition of silver oxide cathode
during the storage [73].
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CHAPTER3

EXPERIMENTAL

This chapter outlines the experimental procedures, equipment, and material characterization
techniques used in the current research, in the chemical preparation of high purity nano
divalent silver oxide with high speed charge/discharge ability, for application as cathode
active material for AgO-Zn battery. The effect of the synthesis parameters on the final AgO
powder was investigated. The AgO powder was characterized during/after precipitation
reaction to evaluate the various AgO properties, such as, phase identification and purity,
particle size, and structure.

The reported manufacturing procedure used to prepare AgO nanopowder in the first stage of
this study was based on the chemical precipitation process by oxidation of alkaline AgNO;
on a laboratory scaled version. The properties obtained from the other powders produced in
literature and the current research results were examined and compared with each other to
identify the factors affecting the final properties yielded. The observations aided in the
optimization of the process parameters for chemical precipitation at the powder production
stage. These collected data are used in the investigation of surfactant effect and
sonocrystallization process on particle size in chemical precipitation method.

Three experimental designs were constructed: (i) Reaction development and process
screening by using a computer-controlled, jacketed vessel reactor system that can monitor,
and control process parameters such as temperature, pH, turbidity, and stirrer speed and
reagent addition. (ii) Reaction optimization by screening the factors and optimizing the
critical parameters which have a significant effect on the powder properties. This is followed
by shape and size control of the silver oxide by changing the amount of surfactant present in
the reaction mixture (iii) Understanding the effect of the sonocrystallization on morphology,
structure and size of the particles.

All experimental designs and approaches, including reactor system, test set up, and
characterization instruments, used in the research are outlined in following sections.
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3.1 Materials

Silver nitrate (AgNO;, 99.5%) was purchased from Ardan Chemicals and research grade
sodium hydroxide (NaOH, 99%), potassium persulfate (K,S,0g, 99%), and CMC
(Carboxymethyl cellulose, M,, 1000) were purchased from KIMETSAN. CTAB (Cetyl
trimethylammonium bromide), SDBS (Sodium dodecylbenzenesulfonate), PEG 400
(polyethylene glycol 400), and IGEPALCA-630 (octylphenoxypolyethoxyethanol) were
purchased from Sigma-Aldrich. All chemicals were used without further purification. Ultra
pure water (18.2 MQ.cm@25°C) was used throughout all experiments.

3.2 Methods and Experimental Set-Up

An oxidation solution was prepared by dissolving 12.75 gr AgNOs in 0.05 It ultrapure water.
Separately, a reducing solution was prepared by dissolving 10.80 gr NaOH and 10.95 gr
K,S,0gin 0.25 It ultrapure water together. The resulted reducing solution was heated while
stirring. AgO particles were produced by dropping AgNO; solution into the NaOH-K,S,04
solution with the help of a syringe pump. After all solutions were added, the mixed solution
was stirred further. The precipitated AgO particles were separated and collected by
centrifuge. Then, the product was dried under vacuum. The chemical precipitation reaction
explained above can be represented by the equation shown below;

4AgNQ, +2K,S,0, +8NaOH — 4AgO + K,S0, +2NaHO, +2KNO, +4H,0

The experiments were carried out in a one liter jacketed vessel reactor. Also, for
sonocrystallization experiments a sonochemical system was used. Both systems were
purchased from Syrris. The temperature is controlled in every experiment with controlling
heating/cooling from circulator, and the reactor system was also equipped with a stirrer
(Figure 4).

Figure 4 Experimental Set-Up
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The parameters that were varied to produce the particles in the desired size, structure and
shape studied in this research are : i) reaction temperature: 40 ‘C, 60 "C, 80 'C, ii) AgNO;
addition rate: 10 ml/min, 20 ml/min, 100 ml/min, iii) [K,S,0g]/[NaOH] mole ratio: 0.1, 0.12,
0.15, 0.18, iv) concentration of surfactant molecules: 0.01 % to 1.0 % wt. of IGEPAL CA-
630, PEG 400, CTAB, SDBS and CMC, v) sonocrystallization: pulsed sonication 10, 20, 30,
40, 50, and 60 W. Throughout the parametric study, only one parameter was changed, while
the others were kept constant.

3.3 Characterization Methods

The AgO powders were structurally characterized by using scanning electron microscopy
(SEM), X-Ray diffraction (XRD), and particle size analyzer.

Scanning electron microscopy (SEM) studies were acquired using FEI Nova Nano SEM 430
microscope. In the preparation step, the powder samples were mounted onto double-stick
tape. Because AgO is conductive, no surface coating was necessary before the insertion into
the chamber.

Particle size analysis and the particle size distribution of the divalent silver oxide were
performed in this research using Malvern Mastersizer 2000. Wet and dry measurement
modes are available in this characterization instrument. Because silver oxide has a tendency
to agglomerate when dry, it is used in wet measurement mode. A representative amount of
sample was introduced into the equipment during all measurements.

X-Ray studies were performed with a Rigaku D/Max-2000 pc diffractometer (Cu Ka, A =
1.5406 A, 40 kV and 100 mA, graphite monochromator, scintillator detector, step scanning 1
°/min). For crystal structure measurements and phase determination, the instrument scans a
given range of angles between the X-ray source, the sample and the detector automatically.
In this thesis work, scans are run between 10° to 90°. The Rietveld method is used to refine
the crystal structure model of a material. It can be used for quantitative phase ID, lattice
parameter and crystallite size calculations, and determine atom positions and occupancies.
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CHAPTER 4

RESULTS AND DISCUSSION

In this thesis, AgO nanoparticles were synthesized through chemical precipitation method.
This method, which is adapted from the work of Murakami et al [53], is modified to decrease
particle size and reach uniform particle size distribution. Chemical precipitation of AgO,
using different surfactant chemistries is studied. The use of surfactant stabilizes the particle,
slows down the growth rate, and as a result particle with smaller median particle size can be
obtained. Since firstly used by Hoar and Schulman [74] in 1943 as surfactant, CTAB was
investigated thoroughly for the synthesis of nanoparticles [75]. CTAB was used as growth
controlling agent for production of AgO nanoparticles. Also, the effect of anionic surfactants
on AgO particle size was studied by running experiments in the presence of SDBS and
CMC. Other used surfactants in this study were both nonionic, PEG 400 and IGEPAL CA-
630.

The use of ultrasound in the synthesis of metal oxides has some promise as well [76]. In the
past, some successful attempts have been made to synthesize the nanoparticles of metal
oxides by chemical methods [77-80]. Recently, sonochemical processing has been proven as
a useful technique for generating novel materials with unusual properties. Sonochemistry
arises from acoustic cavitation phenomenon, that is, the formation, growth and implosive
collapse of bubbles in a liquid medium [81]. Therefore, sonocrystallization allows extremely
accurate control of nucleation, a process which is random and very difficult to control by
conventional techniques. Based on these studies, the effect of sonocrystallization on AgO
nanoparticles’ size and morphology were also studied in this research.

Control over chemical reaction parameters such as temperature of the reaction, addition rate,
molar ratio and concentration of the reactants were also studied. It was observed that these
parameters played crucial roles on the morphology, yield and structural purity of the
materials produced.

4.1 Determination of the Chemical Precipitation Process
Parameters

The Rietveld method is used to refine the crystal structure model of a material. Rietveld
Method, which is based on the simulation of the diffraction profile from the structures of the
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phase components in a sample, allows more information to be extracted from the XRD
patterns. Analyzing the entire diffraction pattern and using the intensities of each individual
angular step, the method enabled the refinement of complex crystal structures with the
choice of a theoretical model of the structure through a database, and subsequent entry of the
theoretical data in the program, followed by the step of refining the experimental parameters.
The variables contain in the input the data necessary for the construction of the calculated
diffraction pattern, ie, data on the crystal structure of the material. The main data are: 20
limits, wavelengths of radiation used, specification of the background radiation, the space
group symbol, symbol and valence of each atom (used for entering tables scattering factors)
and number of phases.

The quality of refinement is verified by numerical statistical indicators. The residue Ry
considers the error associated with each intensity value by the number of counts, using the
weighting factor w (20). The value of Ry, for good results is 2-10%, while the typical values
obtained range from 10-20%. Ryy is related to the quality of the experimental diffractogram,
this value being smaller is better. In practice, differences of up to 20% between REXP and
RP are acceptable. The factors that modify the Ry are differences in the peaks (as the width)
and the background radiation.

The Figure 5 shows the X-ray diffractogram of AgO synthesized at 40 °C with varying
reaction times. The presented crystalline phases were identified using the JCPDS and ICSD
database. In order to estimate the relative amount of each crystalline phase, the XRD
experimental spectrum was simulated using the Rietveld method for structure refinement.
Crystallographic data (atomic coordinates, space group, cell parameters and temperature
factor) used were those presented in Table 6. These are the input information for the
refinement, which consists in comparing the structure of theoretical models and the observed
spectrum. The described procedure is applied to all samples and the detailed phase analysis
results are given in the following sections.
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Figure 5 XRD patterns of AgO: experimental (black lines) and simulated by the Rietveld
Method (blue lines): at reaction temperature of 40 °C and reaction times (a) 70 min, (b) 140
min, (c) 210 min, and (d) 280 min.
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4.1.1 Dependence of the Reaction on Temperature

Temperature is one of the key influence factors in chemical precipitation reactions. It affects
the kinetics of the product formation and thermodynamic stability of the final product. In
crystallization Kinetics, two stages are involved, a short burst of nucleation occurs when the
concentration of the species reaches critical supersaturation, and then, there is a slow growth
of the nuclei by diffusion of the solutes to the surface of the crystal. The degree of
supersaturation controls whether the reaction is nucleation or growth controlled. So, the
control of the nucleation and growth process by supersaturation of the solution is the key to
direct the particle size. To produce mono disperse AgO nanoparticles, these two stages
should be separated; i.e, nucleation should be avoided during the period of growth. Size
control of mono dispersed particles must normally be performed during the very short
nucleation period, because the final particle number is determined by the end of the
nucleation and it does not change during particle growth. Temperature often influences
nucleation and crystal growth by manipulating the solubility and supersaturation of the
sample. Increasing temperature will increase or decrease the solubility of the species in
solution, hence increasing or decreasing the supersaturation. In order to investigate the
influence of reaction temperature in the synthesis of silver oxide particles, several
experiments were carried out. The first set was related to the reaction temperature.
Experiments were carried out 40, 60, and 80 °C respectively and all other reaction
parameters were kept constant.

Altering of these kinetic and thermodynamic factors by temperature can lead to the
formation of desired crystals in precipitation chemistry. In this study, it has been observed
that change in reaction temperatures influenced the morphology, structural purity, uniformity
and particle size distribution of the synthesized nanoparticles. SEM images of AgO particles
synthesized at temperatures of 40, 60, and 80 °C are shown in Figure 6(a)-(c), respectively.
Although, AgO particle synthesis was observed at all studied temperature, shape and size of
the particles vary with temperature critically. The change in the particle size of AgO with
temperature was illustrated at a plot provided in Figure 6 (d). At 40 °C, non-uniform
particles with very high particle sizes started to form (Figure 6(a)). Also particle size
distribution was very broad at 40 °C; changing from 1.035 pum to 12.368 um. Low rate of
crystal growth along with a high supersaturation at this temperature were most likely the
reasons for the unwanted crystal growth. Size of the particles decrease, and size distribution
become narrower between 40-60 °C. The smallest diameter and particle distribution range
were obtained when the reaction was carried out at 60 °C. Increasing the temperature to
80°C, results in increase both of particle size and distribution as shown in Figure 6 (e). This
is most likely due to the disruption of dissolution—crystallization dynamic equilibrium
through high dissolution rate at this temperature. This suggests that the optimum degree of
supersaturation and dynamic equilibrium were reached at 60 °C for the synthesis of AgO
particles with desired properties. Further increase of temperature increases the dissolution
rate and thus disturbs the equilibrium between dissolution and crystallization processes. The
silver oxide precipitation reaction is found to be exothermic and increasing the temperature
of exothermic reactions will accelerate in the favor of reactants. Figure 6 (f) shows the
behavior of the system to an increase in the reaction temperature. When the temperature is
between 40-60 °C, the rate of conversion was increased. However, increasing temperature
further, decreases the yield of the product. This might accelerate the reaction to proceed in
the reverse direction and remove the added heat, by converting products back to reactants.
Thus, the conversion rate went down and the shift of the equilibrium in favor of
crystallization resulted in unwanted increase of particle diameter.
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Figure 6 SEM Images of AgO particles synthesized at different temperatures (a) 40, (b) 60,
(c) 80 °C. (d) Changes in particle diameter with reaction temperature. (e) Particle size
distribution of AgO particles synthesized at different temperatures. (f) Effect of reaction
temperature on % AgO vyield. ([K,S,0g]/[NaOH] Mole Ratio: 0.18; Mixing Speed: 500 rpm;
AgNO; Solution Addition Rate: 100 ml/min).
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4.1.2 Dependence of the Reaction on Time

The particle size and distribution of the AgO can be regulated by the control of reaction time.
Reaction time is found to affect predominantly the resultant AgO by means of crystalline
phase fraction, crystalline size and, thus, specific surface area. By controlling the reaction
time, Y. Sun et al. varied the structural purity and morphology during the production of
silver nano-particles [82]. It is clear from this study that precise control of reaction time with
simultaneous optimization can prevent disruption of nano particle morphology. A pure-phase
AgO with high yield, desired morphology, and morphological purity could therefore be
prepared by adjusting the reaction time.

The reaction time effect was investigated at 40, 60 and 80 °C for 280 min, 150 min, and 40
min respectively. Figure 7 demonstrates the temperature-reaction completion time relation
and the effect of reaction time on the product yield. In order to estimate reaction completion
time, samples were withdrawn from the reactor during the experiment in equal time intervals
to assess the AgO content and the presence of different phases in the samples. The point at
which AgO % vol. reaches maximum, accepted as reaction completion point. The samples
were examined by XRD, and Figure 7 (a), (b) and (c) are generated from the XRD data
created by Rietveld method. Figure 7 (a) shows the XRD results of AgO samples at reaction
times 70 min, 140 min, 210 min, and 280 min at 40 °C reaction temperature. At 70 min, the
purity of the product was very low because of the high by-product formation percentage.
When time was prolonged, AgO formation increased and the maximum AgO wt. % was
reached at 210 min for 40 °C reaction temperature. However, particle size distribution is
very broad at 40 °C and purity of product was still low. The effect of reaction time on
particle size was also investigated at 60 °C and in the range of 40 min-150 min, while
maintaining the other parameters constant. After 120 minutes, amount of reaction
intermediate started to increase. This is mainly the result of exothermic reaction
characteristics. As the reaction time is prolonged, the system reacted to remove the added
heat, thus the reaction proceeded in the reverse direction, converting resultant AgO back to
half product Ag,O. The continuous fall of percentage of the weight of other by-products HT-
Ag,CO; and RT-Ag,CO;, supports the aforementioned situation. Highest AgO wt. % is
observed when reaction was terminated at 120 min (Figure 7(b)) among all other studied
temperature and time values. Further extension of reaction time results in low purity
particles. Figure 7 (c) shows the XRD results of AgO samples at reaction times 10 min, 20
min, 30 min, and 40 min at 80 °C reaction temperature. The optimum reaction time is found
to be 30 min and increasing the reaction time to 40 min, results in decrease of AgO wt. %.

As a result, the optimum time was determined as 120 min for the reactions carried out at 60
°C (Figure 7 (d)-(e)). Murakami et al. reported the optimum synthesizing time for the
production of AgO as 100 min at 60 °C [83], based on the relation between the reaction time
and gas generating rate. It is to be noted, however, that such AgO formation time can be
established only in certain limited conditions, and may be varied, for example, with variation
of the stirring speed or other factors.
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Figure 7 Effect of reaction time on the product yield (a) 40, (b) 60, (c) 80 °C. (d)
Comparison of reaction completion times at different temperatures ([K,S,0g]/[NaOH] Mole
Ratio: 0.18, Mixing Speed: 500 rpm, AgNO; Feed Rate: 100 ml/min). (e) Size distribution of
AgO particles synthesized at different temperatures. ([K,S,Og]/[NaOH] Mole Ratio: 0.18,
Mixing Speed: 500 rpm, AgNO; Feed Rate: 100 mi/min).
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4.1.3 Effect of AQNO3 Addition Rate on Particle Size

A semi-batch process is created by feeding silver salt (AgNOQs) into the jacketed vessel
reactor at a constant feed rate that contains other reactants (K,S,0s/NaOH) previously.
Running the reaction under a semi-batch process gives us the opportunity to have a better
control over particle size, morphology and shape than batch systems. We can easily control
the concentration or moles of the reactants which helps us to improve selectivity of the
reaction. Also, greater control of the heat production and temperature of the precipitation
reaction is possible. Because, reaction proceeds as reactants are added, it is easier to fix the
temperature at a certain value and keeping heat production rate slow.

Figure 8 presents the effect of addition rate of the silver salt on particle size distribution. The
changes in particle size distribution with different addition rates are shown in Figure 8.
When the reaction was run for 10 ml/min addition rate of AgNO3;, non-uniform particles with
very high particle sizes started to form (Figure 8 (a)). Significant decrease in size of particles
was observed as the addition rate decreased to 20 ml/min (Figure 8 (b)). At this addition rate,
still some big crystals with different morphologies were formed. As the feed rate was
increased further, particle size was decreased with a uniform crystal structure (Figure 8 (c)).
Larger AgO particles disappeared and smaller, more uniform and faceted particles were
formed. It is known that the addition rate has a significant effect on residence time. At higher
addition rates, the residence time becomes shorter, so the particles cannot grow and
aggregate, and the particle size decreases. By this way, we can obtain nuclei with the same
size and shape, because they are produced under the same experimental conditions. As a
result, monosized AgO can be synthesized by maintaining the residence time as short as
possible.

Also, Figure 8 (c) shows particle size and feed rate relation in detail. As the AgQNO; addition
rate increased, the particle size decreases significantly. The median particle size decreases
3.836 to 2.426 um with increasing the addition rate from 10 to 100 ml/min. Thus, it was
found that the feed rate for obtaining the smallest particle size was 100.0 ml/min for this
study.
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Figure 8 SEM images of AgO particles (a) SEM Image of the AgO for 10 ml/min addition
rate of AgNO;, (b) 20 ml/min addition rate of AgNOs3, (c) 100 ml/min addition rate of
AgNO;. (d) AgNO; feed rate and particle size relation (Temperature: 60 °C,
K,S,0]/[NaOH] Mole Ratio: 0.18, Mixing Speed: 500 rpm, AgNO; Feed Rate: 100
ml/min).
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4.1.4 Effect of [K,S,0g]/ [NaOH] Mole Ratio on Particle Size

Once the sodium hydroxide (NaOH) and potassium persulfate (K,S,0g) have been mixed to
form a homogeneous mixture, AgNO; was added to the reaction vessel under continued
mixing at 500 rpm and 60°C. The prepared mother solution was a strong base and it causes
AgO particles to nucleate and precipitate. The preferred bases for use in this reaction were
NaOH and K,S,0g. The precipitated AgO was washed with pure water and dried at 65°C in
vacuum oven. The drying temperature was specially kept under 100°C to prevent the
conversion of AgO to Ag,0.

Effects of [K,S,0g]/ [NaOH] Mole Ratio on particle size and morphology were investigated.
The samples were characterized by scanning electronic microscope (SEM) and X-ray
powder diffraction (XRD). The relationship between the amount of NaOH used and purity of
produced AgO was shown in Figure 9 (a). From the figure it can be seen after reaching 0.27
moles of NaOH, high purity AgO particles can be obtained. To investigate the relationship
between AgO particle size and the ratio of moles of [K,S,0g]/[NaOH], further experiments
were carried on. Figure 9 (b) presents the variations on the size of the resulting silver oxide
particles with varying [K,S,Og]/[NaOH] mole ratio. Changing the [K,S,0g]/[NaOH] mole
ratio from 0.1 to 0.18, results an obvious change in particle size. In order to reach smaller
particle sizes, [K,S,0g]/[NaOH] mole ratio has to be kept not less than or higher than 0.15.

Varying the [K,S,0.]/[NaOH] mole ratio values also made a significant influence on the
properties of AgO particles. Figure 9 (c) shows the effect of mole ratio of [K,S,0g]/[NaOH]
on particle size distribution and distribution width of the prepared AgO particles. As
expected, mean particle size considerably changes with respect to changes in mole ratio of
[K2S,0g)/[NaOH]. The median size ranges between 2.902 to 2.096, when [K,S,0g]/[NaOH]
mole ratio varies from 0.1 to 0.18. As shown in Figure 9 (c), when the [K,S,0g]/[NaOH]
mole ratio is lower than 0.15, the particle size increases from 2.096 to 2.902; when the
[K2S,0.)/[NaOH] mole ratio is higher than 0.15, the particle size increases from 2.096 to
2.426. It was found that [K,S,0g]/[NaOH] mole ratio affected the morphologies of the
product by means of different crystal growth rates. When the [K,S,0g])/[NaOH] mole ratio
was adjusted at 0.12, the results indicated that the particles exhibited diamond irregular
flake-like morphology. At 0.15 [K;S,0g]/[NaOH] mole ratio, as the value increased,
relatively smaller and faceted particles were formed (Figure 9 (d)). Spherical particles of
AgO were formed at 0.18 K,S,0g]/[NaOH] mole ratio. This phenomenon is a result of
precipitation kinetics such as nucleation and growth rate of the particles. When the
[K,S,0.)/[NaOH] mole ratio is kept low, so the concentration in the reaction vessel and the
supersaturation is also low. As a result, there are a few nuclei in the reaction solution.
Because no more new nuclei form, the existing nuclei continue to grow and particle sizes
increase. At higher [K,S;0g]/[NaOH] mole ratio, the system of concentration is
supersaturated; the probability of collisions between them increases, this time agglomeration
of the particles occurs and particle size becomes larger again. So, the optimum
[K2S,0g])/[NaOH] mole ratio for this precipitation reaction is 0.15. Also, [K,S;0g]/[NaOH]
mole ratio of 0.15 have the smallest distribution width in all samples.
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Figure 9 (a) Relationship of AgO purity with the amount of NaOH used (moles). (b)
Relationship of AgO particle size with the ratio of moles of [K,S,0g]/[NaOH]. (c)
Comparison of mole ratio of [K,S,0g])/[NaOH] on particle size. SEM Image of the AgO
particle produced with (d) 0.12 [K;S,0g]/[NAOH] mole ratio (e) 0.15 [K;S,0s])/[NaOH]
mole ratio (f) 0.18 [K,S,0g]/[NAOH] mole ratio
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4.1.5 Comparison of the Effect of the Different Surfactants on
Particle Size

For battery applications, chemically stabilized particles with large surface areas are needed
to reach high discharge rates. However, during the reaction depending on reduction kinetics,
particles tend to grow and coalescence. Generally, surfactants are used to inhibit the
coalescence of the particles. So, chemical reduction of AgO with using different surfactant
chemistries was studied for the purpose of manufacturing products with uniform quality at
large volumes.

The choice of an appropriate surfactant is one of the most critical parameter for the chemical
reduction of AgO. Because growth process is controlled with the surfactant employed in the
reaction vessel, it is possible to synthesize particles with different shapes and sizes
depending on the targeted application.

Surfactants that are employed in this study are summarized in Figure 10 (a). Effect of each
surfactant on particle size is studied between 0.01-1% surfactant concentration ranges.
During the studies water miscible or water soluble organic surfactants were used. A
homogeneous AgNO;-Surfactant mixture was prepared to perform the reactions successfully.
The comparison of the effect of the different surfactants for 0.1 % wt. concentration on
particle size is presented in Figure 10 (b). It is obvious that in the presence of surfactants,
particle size of AgO shows significant differences than that in the absence of a surfactant in
the precipitation reaction. Also, it should be noted that the effect is not the same for each
surfactant that is present in the reaction. In the presence of nonionic surfactants (PEG 400
and IGEPAL CA-630) mean particle size reaches maximum. At that surfactant
concentration, PEG 400 and IGEPAL CA-630 are the surfactants that are showing the
highest particle size with low uniformity and wide particle size distribution. The effect of
anionic surfactants on AgO particle size is studied by running experiments in the presence of
SDBS and CMC. The flat or broad curve indicates that the particle sizes are spread over a
wide range of values. Also, the fluctuation on curves indicates a bimodal distribution of
particle sizes. However, the effect of the CTAB on particle size is more significant and
interesting. The sharpness of the plot gives a qualitative indication of the spread in particle
size. This sharp peak shows that the particles are of similar size. From the experimental
studies, it was understood that when 0.1% wt. concentration CTAB is added to reaction,
particle size decreases sharply, and distribution becomes narrower as it is understood from
smaller distribution width number from different from other surfactants studied (Figure 10).
As a result, particle size in the presence of surfactants at 0.1% wt. concentration is as
followed in decreasing order: PEG 400 > CMC > IGEPAL CA-630 > SDBS > CTAB.
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Figure 10 (a) Surfactants that are used during the experiments, (b) Comparison of effect of
surfactants on particle size for 0.1 % wt. surfactant concentration. SEM Image of AgO
powders for 0.1 % wt. (c) PEG 400, (d) CMC, (e) IGEPAL CA-630, (f) SDBS, (g) CTAB.
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Figure 11 demonstrates the AgO particles produced from the use of various concentration of
CTAB 0.03 M, 0.05 M, 0.1 M, 0.3 M, 0.5 M). The AgO formation is observed at all
concentrations of CTAB; however, morphology Yyield and structural purity vary significantly
with surfactant concentration. At very low concentrations such as 0.01% wt., no significant
effect of the CTAB is observed and particle size still remains greater than 2.00 pm.
Moreover, synthesized particles do not have uniformity at this surfactant concentration. The
observation suggests that inadequate amount of surfactant exist in the media to direct
nanosized particle formation. The production was improved considerably with the increase
in surfactant concentration. The mean particle size of AgO is successfully stabilized and
dropped less than 1.5 pm by 0.1% wt. CTAB concentration, which is determined as the
optimum concentration for production of desired AgO particles. Because, at higher
concentrations about 1.0 % wit., particles becomes unstable and the agglomeration cannot be
inhibited. Also, the excess concentration of the CTAB causes impurities, and this can lead to
performance loses of produced electrodes. This is most likely due to continue of the growth
process with additional supply of surfactant and dissolution of some of the AgO particles to
contributing to the further growth of particles and branching on their surface with a
mechanism known as Oswald ripening. Therefore, the optimal amount of CTAB employed
should preferably be around 0.1 % by weight of dissolved silver metal in the silver nitrate
solution.
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Figure 11 SEM Image of the AgO powders for (a) 0.01 % wt., (b) 0.1 % wt., and (c) 1 % wt.
CTAB
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4.1.6 Effect of the Sonocrystallization Process on Particle Size

After observing the effects of surfactants on mean particle size and particle size distribution,
the studies are focused on understanding the effect of the sonocrystallization on morphology,
structure and size of the particles. The experiments were performed on Syrris Atlas Sonolab
system. The Atlas SonoLab system consisted of Syrris’ Atlas Potassium Jacketed Vessel
System, Prosonix proprietary ultrasonic flow cell, generator and pump. The accurate control
of the overall system parameters was achieved with Atlas Software.

Ultrasonic treatment of reaction can be carried out in three different ways, including
continuous, pulsed and initial insonation. Continuous insonation is preferred for producing
many nuclei resulting in small crystals, whereas initial insonation produces finite nuclei
which can be grown into large crystals. For producing nano-sized AgO, pulsed insonation is
preferred because this method allows achieving a tailored crystal size. Because of the strong
heating effects observed for insonation power outputs of 70 W and higher, experiments were
only done with power outputs from 10 W to 60 W. For the sake of consistency the residence
time in the reactor is referred to as insonation time for all experiments. Pulsed sonication is
studied between 10 W to 60 W ranges and the effect of pulsed sonication during the reaction
on particle size was monitored. In Figure 12 SEM images are given for AgO particles that
are prepared by sonochemical method. When the applied power is changed from 10 to 60 W,
different sizes and morphologies are obtained. As can be seen from Figure 12 (b), the
application of 10 W insonation did not affect the particles’ size obviously. Rather than
nanoparticles, still micron-sized other shapes are formed. Figure 12 (b) shows relative large
crystals with generally well defined faces surrounded by small crystals (<1 pum) with
irregular shapes. This is mainly the result of insufficient amount of power application to the
reaction media to support nanosized particle formation. The nano particle production was
improved considerably with the increase in insonication power. At 30 W, the crystals are
stacked on top of each other, but don’t appear to be agglomerated (Figure 12 (c)). The
smallest particle size (0.283 um mean particle size) with uniform particle size distribution,
and highest surface area was obtained at 30 W insonation power which is determined as the
optimum power value for the synthesis of AgO nanoparticles. AgO of such a small particle
size can produce both super high speed charge and discharge when it serves as
the electrode material due to its large actual surface area. Sonocrystallization at 30 W during
the reaction allows narrow particle size distributions by controlled nucleation. It can be
concluded from Figure 11 (e) that advanced control of nucleation and growth rate results in
very narrow particle size distribution. Also, high AgO wt. % is observed when the insonation
power was kept at 30 W (Figure 11(f)). Increasing the power to 60 W leads to a significant
increase in the diameter of nanoparticles and a change in the morphology of the produced
particles. The characteristic faceted shape of AgO crystals was not observed and instead the
dominant shapes appear to be irregular spherical particles (Figure 12 (d)).The SEM image
shows that the faces were not well defined and agglomeration between crystals was
observed. The effect of insonation in AgO forming is seen to be very pronounced for
relatively medium power applications. A possible explanation for the increase in particle size
is that, if the insonation power becomes too high the nuclei started to dissolve again. The
dissolution of some of the AgO particles contributes to the further growth of particles and
branching on their surface with a mechanism known as Oswald ripening. The optimum
power is found to be 30 W and increasing the power results in increase of AgO particle size
as shown in Figure 12 (a)).
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Figure 12 (a) Effect of sonocrystallization on particle size (Temperature: 60°C,
[K2S,0g)/[NaOH] Mole Ratio: 0.15, Mixing Speed: 500 rpm, AgNO; Feed Rate: 100
ml/min, CTAB Concentration: 0.1 % wt.). SEM Image of the AgO particles after (b) 10 W,
(c) 30 W, (d) 60 W sonocrystallization process. (e) Particle size measurement results of
chemically and sonochemically prepared AgO. (f) XRD results of sonochemically prepared
AgO particles (30 W) with different surfactants.
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The material was lastly characterized with XRD analysis. Figure 13 (a) and (b) represent the
powder XRD patterns of the IGEPAL and CTAB capped AgO particles prepared by
sonochemical route. The XRD study establishes the formation of highly crystalline AgO
nanoparticles in the presence of pronounced narrow peaks. So, the material can be
considered to exhibit symmetric ordering and should be characterized as crystalline. The test
results in Figure 13 (a) shows the typical crystalline structure of AgO and Ag,O based on
Rietveld Refinement. The XRD pattern of the sample exhibits extra low intensity peaks of
impurity phases compared to the AgO pattern. These diffraction peaks can be well assigned
to a typical crystalline structure of Ag,O according to Rietveld plot. The AgO content of the
prepared powder was found to be 74.90 %, whereas the Ag,O content of the powder was
25.10 %. Figure 13 (b) gives the XRD pattern of CTAB asssited synthesized AgO particles.
No obvious reflection peaks from impurities were detected, and the AgO content of the
powder is found to be 100 %. XRD profiles show that the nanoparticles synthesized with
CTAB show high purity diffraction features when compared to that of the samples produced
with IGEPAL. The peaks corresponding to Ag,O phase showed up in AgO-IGEPAL sample,
whereas these peaks disappeared in AgO-CTAB samples.

From the XRD analysis given in Figure 13 (c), it can be concluded that the addition of
surfactants results in a reduced intensity of the diffraction peaks for the surfactant-free AgO
samples, but still maintains the crystalline phase of the material. However, the increase or
decrease in the peak intensity depends on the lattice orientation or rearrangement.
Surfactants typically play crucial roles in the particle size and size distribution. The addition
of surfactant as capping agent/structure directing agent in the synthesis produces
monodispersed and small size nanoparticles. The nanoparticles with smaller size diffract X-
rays weakly. In addition this significant decrease in the diameter of nanoparticles, a change
in the morphology of the produced particles was observed. After the surfactant addition, the
dominant shapes appear to be spherical particles rather than characteristic faceted shape of
AgO crystals, which caused a shift in the diffraction pattern.

Because, the studies conducted in this thesis, will be used in battery manufacturing,
adaptation of the method to mass production is of great importance. This laboratory scale
sonocrystallization process can be scaled to pilot plant processes using the Prosonix Ltd.
range of products. Therefore, the method descried here is a scalable and reproducible process
with automated control of process parameters.
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Figure 13 XRD patterns of divalent silver oxide nanopowder formed with different
surfactants (a) 0.1 % wt. IGEPAL CA-630 (b) 0.1 % wt. CTAB. (c) Comparison of AgO-

(200) peak (left) and AgO-(111) peak (right) of AgO nanoparticles synthesized with 0.1 %
wt. CTAB (red line) and without surfactant (green line).
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CHAPTERS

CONCLUSION

The energy efficiency and capacity of the batteries can be improved by applying
nanotechnological innovations to commercial batteries. The use of nanoparticles as electrode
materials has made a significant improvement in battery performance due to their enhanced
electrical and chemical properties. Nano-sized AgO cathode lead Zn-AgO batteries to reach
even super high charge/discharge rates because of particles’ considerably large surface area.
The research pioneer of this study is to produce nano-sized divalent silver oxide particles
with high speed charge/discharge ability as cathode active material for Zn-AgO battery.
Nano size AgO powder was prepared through a surfactant aided sonochemical route.
Parametric study was performed to examine the effect of reaction parameters such as
reaction time, reaction temperature, and surfactant concentration on the quality of products.
It was observed that these parameters play crucial roles on the morphology, yield and
structural purity of the materials produced. Based on the data presented in this study, we can
draw the following conclusions and insights for this reaction system:

e Thermodynamically stable AgO nanoparticles can be easily synthesized from the
alkaline oxidation of AgNO; solution with K,S,0s and NaOH at 60°C. Additionally,
the optimum reaction time is observed as 120 min for the reactions carried out at 60
°C.

e Addition rate of AgNO; has a significant effect on residence time and monosized
AgO can be synthesized by maintaining the addition rate, thus the residence time as
short as possible.

e The mole ratio of [K,S;0g]/[NaOH] is a dominant factor in determining the
crystallite size of precipitates by means of different crystal growth rates. By keeping
this ratio at 0.15, we obtained faceted AgO particles with the smallest particle size
and narrow particle size distribution.

e Chemical reduction of AgO, both using water miscible and water soluble organic
surfactant chemistries, was studied between 0.01-1% surfactant concentration ranges
and the mean particle size of AgO is successfully stabilized and agglomeration can
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be inhibited by 0.1% wt. CTAB concentration, which is determined as the optimum
concentration for production of desired AgO particles.

e Advanced control of nucleation and growth rate can be achieved by pulsed
insonation. Average particle size of 0.283 um with uniform particle size distribution
was obtained at 30 W insonation power which is determined as the optimum power
value for the synthesis of AgO nanoparticles. The AgO content of the prepared
powder was 100 % and powder particle size mainly distribute in the range of 100-
300 nm. AgO belongs to simple monoclinic crystal system.

As a conclusion, surfactant aided sono-chemical precipitation method was investigated and
the effect of process parameters on the produced AgO nanoparticle characteristics was
studied in detail. This aided in an optimization of the precipitation parameters to produce
AgO nanopowders with desired particle size, structural purity, and yield. The method
reported is comparatively simple, cost-effective, and easy scale up process.
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